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ABSTRACT 
 The concentration of carbon dioxide ([CO2]) in the atmosphere is predicted to reach 730 
– 1020 parts per million (ppm) by 2100, and the risk of drought is predicted to increase. Elevated 
atmospheric [CO2] directly affects C3 plants by reducing stomatal conductance (gs) and 
increasing photosynthetic carbon assimilation (A). It is widely hypothesized that reduced gs in 
elevated [CO2] will decrease plant and canopy water use, conserving soil moisture and 
ameliorating drought stress. Additionally, stimulation of A by elevated [CO2] often results in 
increased root biomass, and this is predicted to improve plant access to soil water, enabling 
avoidance of drought stress. Models of future food supply often assume that these beneficial 
effects of elevated [CO2] will compensate for the predicted increases in drought stress, but this 
assumption has not been widely tested in realistic crop production environments. However, 
elevated [CO2] also increases canopy temperature and leaf area, both of which have the potential 
to compensate for the effects of reduced gs on canopy water use, and the extent to which this 
compensation occurs in the field is not well understood. Furthermore, it is not known how 
stimulation of root growth by elevated [CO2] will alter the distribution of root length relative to 
soil water resources, or how this may affect whole plant water status, and, in the case of legumes, 
the symbiosis with nitrogen-fixing bacteria. These knowledge gaps were addressed at the 
soybean Free-Air CO2 Enrichment (soyFACE) facility, where soybean was grown in the field at 
ambient [CO2] or elevated [CO2], as predicted for the middle of this century. I analyzed an eight 
year field study to test the hypothesis that reduced gs in elevated [CO2] will overwhelm increases 
in leaf area and canopy temperature to result in conservation of soil moisture. Additionally, I 
conducted a three-year experiment where a sub-plot of each ambient and elevated [CO2] 
treatment plot was exposed to reduced precipitation to test the prediction that, by allowing 
avoidance of drought stress through conservation of soil water and stimulation of root growth, 
elevated [CO2] will reduce drought sensing and signaling via the plant hormone abscisic acid, 
and will ameliorate drought-induced reductions in photosynthetic gas exchange. I also tested the 
predictions that elevated [CO2] will increase the production and size of nitrogen-fixing root 
nodules, reduced precipitation will inhibit nodule production, and elevated [CO2] will ameliorate 
the negative effects of reduced precipitation on nodule production. I found that elevated [CO2] 
did not always conserve soil water, and increased root length in elevated [CO2] occurred in 
shallow or intermediate soils which tended to be dry, resulting in no improvement in access to 
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soil water and negative effects on plant nitrogen status. Furthermore, I found that elevated [CO2] 
caused stomata to respond more sensitively to abscisic acid, often resulting in greater drought-
induced reductions in photosynthetic gas exchange in elevated [CO2] compared to ambient 
[CO2]. These results suggest that predicted amelioration of drought stress by elevated [CO2] may 
not occur in field-grown soybean in the Midwestern U.S.       
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CHAPTER I: GENERAL INTRODUCTION 
 
 The concentration of carbon dioxide ([CO2]) in the atmosphere was 280 parts per million 
(ppm) in pre-industrial times, and has since increased due to fossil fuel burning and deforestation 
(Meehl et al., 2007). In May 2013, a daily average reading of 400 ppm was observed in Mauna 
Loa, Hawaii for the first time since measurements began in 1958 (www.keelingcurve.ucsd.edu), 
and atmospheric [CO2] is predicted to reach 730 – 1020 ppm by 2100 (Meehl et al., 2007). CO2 
exerts the greatest amount of radiative forcing of the anthropogenic greenhouse gases, 
contributing to the 0.76°C increase in global average surface temperature that has been observed 
since 1850 (Forster et al., 2007; Trenberth et al., 2007). In addition to driving changes in climate, 
which will alter the environment for plant growth in the future, elevated [CO2] has significant 
direct effects on plant physiology. Elevated [CO2] significantly reduces stomatal conductance 
(gs) and, in C3 plants, elevated [CO2] increases photosynthetic carbon assimilation (A) by 
increasing the rate and efficiency of carboxylation by Rubisco (Drake et al., 1997). The use of 
free-air CO2 enrichment (FACE), in which plants growing in the field are exposed to elevated 
[CO2], has contributed to the body of knowledge on how plants in the field will respond to the 
atmospheric [CO2] predicted for the mid-21
st century. Ainsworth and Long (2005) conducted a 
meta-analysis using data from 12 FACE experiments on more than 40 species and concluded that 
elevated [CO2] resulted in a 20% decrease in gs and a 31% increase in light-saturated leaf 
photosynthetic rate when averaged across all species and FACE experiments. 
Reduced gs of plants grown in elevated [CO2] is widely predicted to scale up to decrease 
canopy transpiration rates and conserve soil water resources (Ceulemans and Mousseau, 1994; 
Drake et al., 1997; Wullschleger et al., 2002; Long et al., 2004). However, elevated [CO2] may 
also affect canopy temperature and leaf area, both of which have the potential to counteract the 
reduction in water use that is predicted to result from reduced gs (Field et al., 1995). By reducing 
gs, elevated [CO2] reduces the amount of leaf cooling that occurs through transpiration, thereby 
warming the canopy, as has been observed in multiple crop species grown in FACE (Kimball 
and Bernacchi, 2006). Stimulation of leaf temperature in elevated [CO2] increases the vapor 
pressure deficit between the leaf and the atmosphere, and partially counteracts the effect of 
reduced gs on plant water use (Field et al., 1995). The effect of reduced gs on whole plant water 
use may also be affected by the biomass or leaf area response to elevated [CO2]. Increased A in 
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elevated [CO2]-grown C3 plants consistently results in increased growth and aboveground 
biomass production, but the response of leaf area index (LAI; m2 leaf m-2 ground) to elevated 
[CO2] varies among functional groups and, on average, was not statistically significant in data 
from 12 FACE sites (Ainsworth and Long, 2005). Because elevated [CO2] consistently reduces 
gs, but does not always stimulate LAI, reduced gs is expected to overcome increased LAI, 
resulting in decreased transpiration rates and water savings (Drake et al., 1997; Long et al., 
2004). Likewise, although increased canopy  temperature has been measured in a number of 
experiments in which crops were grown in free-air CO2 enrichment (reviewed in Kimball and 
Bernacchi, 2006), increased canopy temperature is predicted to only partially compensate for 
reduced gs, resulting in reduced canopy transpiration relative to ambient [CO2] (Field et al 1995; 
Allen and Prasad, 2004). There is a lack of long-term data from field experiments testing how 
variability in the effects of elevated [CO2] on canopy size and temperature associated with 
interannual variation in climate may feedback to alter crop water use and soil water availability. 
In chapter two, I utilized an eight-year dataset from the soybean Free Air CO2 Enrichment 
(soyFACE) facility encompassing a wide range of climate conditions and growth responses to 
elevated [CO2] to test the hypothesis that reduced gs of soybean grown in elevated [CO2] would 
overwhelm stimulation in LAI and canopy temperature to result in conservation of soil 
moisture. 
Understanding the future effect of elevated [CO2] on plant water relations is especially 
important in light of the projection that summer precipitation in mid-continental areas will 
decrease in the future, increasing the risk of drought (Meehl et al., 2007). This projection has 
significant implications for the agriculturally important Midwestern United States, where more 
than 80% of the national soybean acreage is located (USDA ERS, 2012). Water stress is already 
the most important abiotic factor limiting global crop yield (Boyer, 1982), and plants respond to 
growth in water deficit conditions with systemic stress signaling and a wide range of 
physiological responses. Exposure of plant roots to drying soil leads to chemical and hydraulic 
signals of drought stress, including increased biosynthesis of the hormone abscisic acid (ABA; 
Davies and Zhang, 1991). At the leaf level, increased ABA concentration increases expression 
levels of drought-related genes (Bray 2002), decreases leaf growth rates (Bacon et al., 1998) and 
decreases gs (Jones and Mansfield, 1970). Previous research has suggested that elevated [CO2] 
and ABA interact to affect gs, but there has been some controversy surrounding this idea. 
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Raschke et al. (1975) found that elevated [CO2] enhanced stomatal response to ABA in 
Xanthium strumarium, but Mansfield (1976) found that stomata of the same species decreased 
their aperture in response to ABA consistently across a wide range of [CO2]. These and other 
previous experiments fed ABA to leaves through cut petioles, or injected ABA into petioles, but 
it is not clear from these experiments if elevated [CO2] will alter biosynthesis of ABA in field-
grown plants across a range of soil moisture, or if the stomatal response to ABA will be affected 
by growth in elevated [CO2] in the field. Reduced gs associated with drought stress and increased 
ABA production decreases leaf intercellular [CO2] (Ci), and photosynthetic carbon assimilation, 
and severe drought stress may also decrease photosynthesis through non-stomatal factors 
(Kaiser, 1987; Ortiz-Lopez et al., 1991; Tezara et al., 1999; Chaves et al., 2003).  
In addition to the conservation of soil moisture that is predicted to occur in elevated 
[CO2], plant water relations are predicted to be affected through increased root growth. 
Stimulations in root biomass and root length have been observed in a variety of crop species 
grown in elevated [CO2], and this increase is generally seen as increased initiation and 
stimulation of lateral root growth rather than increased elongation of primary roots (Pritchard 
and Rogers, 2000). In soybean, elevated [CO2] increased root dry weight by 48% in studies 
conducted in growth chambers (Ainsworth et al., 2002), and Rodriguez (2004) found that 
elevated CO2 stimulated root biomass in the top 25 cm of soil by 30% at the soybean Free-Air 
CO2 Enrichment (soyFACE) experiment, but soybean root responses to elevated [CO2] have not 
been explored across the entire rooting zone in the field, and it is not known how elevated [CO2] 
will interact with reduced precipitation to affect root length and distribution of field-grown 
soybean. Stimulation of root system size in elevated [CO2] is predicted to increase the total 
capacity for water and nutrient uptake, however altered root depth distribution may decrease the 
efficiency of resource acquisition (Berntson and Bazzaz, 1996). Enhanced root system size in 
elevated [CO2] is predicted to increase water uptake, and help to avoid water deficits, but there is 
a lack of field data relating increased root growth in elevated [CO2] to whole plant water 
relations (Wullschleger et al., 2002). In chapter three, I utilized the soyFACE experimental 
facility to expose field-grown soybean to ambient or elevated [CO2] in combination with 
control or reduced precipitation in order to test the hypothesis that elevated [CO2] will 
ameliorate drought stress by (1) conserving soil moisture; (2) stimulating root growth and 
improving plant access to soil water; and (3) reducing drought stress sensing and signaling via 
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ABA, ultimately resulting in smaller drought-induced reductions in photosynthetic gas 
exchange. 
The response of soybean to elevated [CO2] and reduced precipitation is intimately tied to 
the response of Bradyrhizobium japonicum, nitrogen-fixing bacteria that form a symbiotic 
relationship with soybean. Nitrogenase activity of nodules responds more sensitively to water 
stress compared to carbon assimilation of the host plant (Durand et al., 1987). Reduced nitrogen 
fixation rates in drought-stressed plants may be attributed to reduced nodule number (Williams 
and De Mallorca, 1984; Sangakkara et al., 1996; Antolín et al., 2010), reduced activity of 
individual nodules (Sprent, 1971), or both. In contrast, nitrogen fixation by legumes is stimulated 
by elevated [CO2] when other nutrients are not limiting (Zanetti et al., 1996; Schortemeyer et al., 
2002; van Groenigen et al., 2006). Data from growth chamber experiments suggests that elevated 
[CO2] may ameliorate drought-induced reductions in nitrogen fixation by increasing the amount 
of carbon and nitrogen exchanged between plant root and nodule at a given soil moisture content 
(Serraj et al., 1998; De Luis et al., 1999). It has also been predicted that conservation of soil 
moisture in elevated [CO2] may allow avoidance of the effects of drought on nitrogen fixation 
(Rogers et al., 2009). However, there is a lack of data examining how elevated [CO2] and 
drought may interact to affect nodulation status and function of legumes grown in the field with 
an unrestricted rooting volume. In chapter four, I utilized a novel minirhizotron method for 
assessing the number and distribution of root nodules in field-grown soybean exposed to 
ambient or elevated [CO2] in combination with control or reduced precipitation to test the 
predictions that elevated [CO2] will stimulate nodule number and size, reduced precipitation 
will decrease nodule number, and elevated [CO2] will ameliorate the effects of reduced 
precipitation on nodulation status of field-grown soybean. 
Models of future food supply and ecosystem function assume that rising atmospheric 
[CO2] will reduce canopy transpiration rates and conserve soil water, reducing drought stress 
(Sellers et al., 1996; Thornley and Cannell, 1996; Tubiello et al., 2007). However, these 
assumptions are primarily based on data obtained from growth chamber experiments, where 
plants were grown in pots with restricted rooting volumes, uncoupled from natural gradients of 
soil water and natural variability in weather (Long et al., 2006; Ainsworth et al., 2008). Few 
studies have investigated the interactive effects of free-air CO2 enrichment and reduced 
precipitation on crop species grown in the field (e.g. Hunsaker et al., 1994; Hunsaker et al., 1996; 
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Wall et al., 2001). The expectation of amelioration of drought stress, as well as the predicted 
direct fertilization of C3 crops by elevated [CO2], are key uncertainties in predictions of crop 
yield in the second half of this century. For example, Cline et al. (2007) demonstrated that global 
agricultural losses associated with a ‘business as usual’ climate change scenario will be 15% 
greater if the predicted CO2 fertilization effect fails to materialize. Here I sought to contribute 
new information in this important area of uncertainty by conducting multi-year studies 
investigating soil H2O%v/v response to elevated [CO2] of soybean exposed to natural variation in 
precipitation, and I conducted a split-plot experiment investigating the interactive effects of 
elevated [CO2] and reduced precipitation on several aspects of root and shoot form and function 
in soybean over three years. These experiments force a re-examination of widely accepted ideas 
about the nature of plant responses to the combination of elevated [CO2] and drought that will 
prevail in many areas of the globe over the next century. The findings demonstrate the 
importance of evaluating plant responses to environmental change in a field context where plants 
experience relatively undisturbed interactions with the soil and atmosphere, as many important 
aspects of soybean response to elevated [CO2] and reduced precipitation observed in this 
research would have been masked by artifacts associated with growing potted plants in 
controlled environments. 
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CHAPTER II: FREE-AIR CO2 ENRICHMENT OF SOYBEAN (GLYCINE MAX) 
CONSERVES SOIL MOISTURE IN WET YEARS, BUT DEPLETES IT IN DROUGHT 
YEARS 1 
Abstract 
Elevated atmospheric [CO2] predicted for the middle of this century is expected to have 
significant impacts on plant and soil water balance in natural and managed ecosystems. Elevated 
[CO2] consistently decreases stomatal conductance (gs), and this finding has been extrapolated to 
predict decreased plant water use of the whole canopy, with resulting increases in soil volumetric 
water content (soil H2O%v/v). However, increases in canopy temperature and leaf area index 
(LAI) caused by elevated [CO2] have the potential to compensate for reduced water use 
associated with reduced gs, but LAI is not consistently stimulated by elevated [CO2], and 
relatively few studies have measured canopy temperature responses. Consequently, many models 
of future food supply and ecosystem function assume that reduced gs in elevated [CO2] will 
conserve soil H2O%v/v and ameliorate drought stress, despite the lack of field studies across 
diverse growing conditions to rigorously test this assumption. Here an eight-year field study of 
soybean grown in ambient air and free-air CO2 enrichment was used to test the hypothesis that 
reduced gs in elevated [CO2] will outweigh increases in LAI and canopy temperature, resulting in 
conservation of soil H2O%v/v. Despite consistently reducing gs, elevated [CO2] significantly 
increased soil H2O%v/v during portions of five out of eight years, and elevated [CO2] 
significantly decreased soil H2O%v/v during portions of two years. 86% of the variation in soil 
H2O%v/v response to elevated [CO2] during canopy development (i.e. the period from planting to 
maximum leaf area index) was explained by climate, with hot, dry conditions resulting in a 
negative response to elevated [CO2], and cool, wet conditions resulting in a positive response to 
elevated [CO2]. Soil H2O%v/v response to elevated [CO2] was also significantly negatively 
correlated with % stimulation of elevated [CO2] on peak LAI, and with average daily maximum 
effect of elevated [CO2] on canopy temperature. These data demonstrate that stressful growing 
                                                          
1 This eight-year analysis consists of four years of data from field measurements which were primarily led by 
Sharon Gray (2008-2011) and four years of data (2004-2007) which were contributed by collaborators, who will be 
co-authors on the published work. Soil moisture data for 2004-2007 are attributed to A. Leakey (unpublished). 2010 
soil moisture data are a subset of the data published in Gray et al. (2013). Midday gs data for 2004 are a subset of 
data presented in Bernacchi et al. (2006), 2005 and 2006 gs data are credited to A. Leakey (unpublished), 2007 gs 
data is a subset of data presented in Gillespie et al (2012). 2004 LAI data are a subset of the data published by 
Dermody et al. (2008), 2005 LAI data are a subset of the data published by Gray et al. (2010), 2006-2008 LAI data 
are credited to J. McGrath (unpublished), and 2009 LAI data are credited to M. Siebers (unpublished). Canopy 
temperature data were collected by Carl Bernacchi and analyzed by Sharon Gray. 
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conditions, as well as the effects of elevated [CO2] on canopy size and temperature can negate 
the expected benefits of reduced gs on soil H2O%v/v in field-grown soybean in the Midwestern 
U.S.. Furthermore, these results suggest that models which predict the effects of global change 
on food production may be overly optimistic about the potential for elevated [CO2] to 
compensate for expected increases in drought frequency and severity.  
 
Introduction 
Models of future food supply and ecosystem function assume that rising atmospheric CO2 
concentration ([CO2]) in the coming century will reduce plant water use, conserve soil moisture, 
and ultimately ameliorate plant drought stress (Sellers et al., 1996; Thornley and Cannell, 1996; 
Easterling et al., 2007; Tubiello et al., 2007). This assumption is based on observations that 
elevated [CO2] consistently reduces stomatal conductance (gs) in almost all species and 
environmental conditions, thereby reducing water use per unit leaf area. Over 15 years of free-air 
CO2 enrichment (FACE) experiments, in which field-grown plants in natural and crop 
ecosystems were grown at [CO2] predicted for the mid-21
st century, demonstrated that elevated 
[CO2] reduced gs by 20% on average (Ainsworth and Long, 2005). Elevated [CO2] consistently 
improves leaf-level water use efficiency of C3 plants, by reducing gs and stimulating of 
photosynthetic carbon assimilation (Long et al., 2004). This finding has been widely extrapolated 
from the leaf-level to predict decreased water use at the canopy, ecosystem, regional and global 
scales (Ceulemans and Mousseau, 1994; Drake et al., 1997; Medlyn et al., 2001; Wullschleger et 
al., 2002; Long et al., 2004; Betts et al., 2007; McGrath and Lobell, 2011). However, the control 
that gs exerts on evapotranspiration varies among ecosystems, and interactions of leaf 
physiology, canopy structure, and aerodynamics affect how reliably leaf-level processes may be 
scaled to the regional level (Jarvis and McNaughton, 1986). Furthermore, it has long been 
recognized that elevated [CO2] can stimulate leaf area index (LAI) and canopy temperature, both 
of which could offset the influence of reduced gs on canopy water use (Field et al., 1995). But, 
most FACE studies have observed only modest stimulation of LAI by elevated [CO2] (Ainsworth 
and Long, 2005), while canopy temperature data has been reported in relatively few experiments 
and has been concluded to only partially offset stomatal effects (Kimball and Bernacchi, 2006; 
Bernacchi et al., 2007; Hussain et al., 2013). In addition, few experiments have measured canopy 
water use or soil volumetric water content (soil H2O%v/v) across the rooting profile of field-
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grown crop species exposed to elevated [CO2] (e.g. Hunsaker et al., 1994, 1996; Hussain et al., 
2013).  A limited number of experiments have found greater or equal canopy water use in 
elevated [CO2] compared to ambient [CO2] (e.g. Hunsaker et al., 1994; Warren et al., 2011), or 
equivalent soil H2O%v/v in elevated [CO2] and ambient [CO2] (e.g. Nowak et al., 2004; Kamman 
et al., 2005), and in each of these cases, large stimulation of LAI or biomass by elevated [CO2] 
was observed. The notion that plant water use is consistently reduced at elevated [CO2] has likely 
prevailed because small stimulation of LAI, along with reduced evapotranspiration and wetter 
soils under elevated [CO2] have been reported for major food crops and ecosystem types in their 
primary growing regions (Bernacchi and Kimball, 2006; Warren et al., 2011). However, it is 
notable that these FACE experiments have been strongly biased towards mesic environmental 
conditions (Leakey et al., 2012).  
Predicted increases in soil H2O%v/v due to rising atmospheric [CO2] have important 
implications in terms of continental runoff, greenhouse gas emissions from soil, and food supply. 
Reduced transpiration associated with rising atmospheric [CO2] has been suggested to already 
have driven increased continental runoff during the 20th century (Gedney et al., 2006), and the 
reduction in gs and associated increase in soil H2O%v/v expected to result from elevated [CO2] in 
the 21st century are predicted to further increase continental runoff by 6% (Betts et al., 2007). In 
an experimental and modeling approach to investigate elevated [CO2] effects on soil respiration 
in a shortgrass steppe, the indirect effect of [CO2] on soil moisture was the most important factor 
contributing to increased soil respiration in elevated [CO2] (Pendall et al., 2003). Increased soil 
moisture in elevated [CO2] also contributed to anoxic conditions, resulting in greater emissions 
of the potent greenhouse gas, nitrous oxide in a variety of agricultural and grassland ecosystems 
(Djikstra et al., 2012). Rising [CO2] in the past 50 years is estimated to have stimulated soybean 
yield by 14% in dry conditions (McGrath and Lobell, 2011), and estimates of future crop yield 
changes drastically depending on assumptions regarding [CO2] fertilization and mitigation of 
other stresses by [CO2] (Parry et al., 2004). Simulated global crop yield responses to climate 
change ranged from an increase in yield, assuming a full realization of the potential benefits of 
elevated CO2, to a 22% reduction in yield, assuming that other environmental stresses, including 
drought and elevated temperature, dominate the response of crop yield to global change (Parry et 
al., 2004). As drought risk is projected to increase in the coming century (Meehl et al., 2007), it 
is particularly important that we improve our understanding of how elevated CO2 will alter plant 
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water use and soil water status in crop systems. Despite the importance of preparing for and 
abating the impacts of climate change on crop productivity, there is a lack of data from long-term 
field experiments on the effects of elevated CO2 on soil H2O%v/v, and the effects of elevated CO2 
on plant responses to environmental stress have been described as a key uncertainty in modeling 
crop responses to global change (Parry et al., 2004).   
This study aimed to test if elevated [CO2] consistently reduced water use and increased 
soil H2O%v/v in a soybean field over eight years with significant natural variation in climate. 
Soybean is the most important source of plant protein globally, due to its high seed protein 
content and very large global acreage (Hartman et al., 2011). In the U.S. alone, soybean yield 
was estimated at 3.015 billion bushels in 2012, and more than 80% of the U.S. soybean crop is 
grown in the Midwest (USDA ERS; www.ers.usda.gov; Ash, 2013). As the soybean-maize 
rotation is the dominant land use in the Midwest,  it exerts a strong influence on regional 
hydrology (Hussain et al., 2013), and changes in plant water use associated with global change 
could have significant impacts on the water cycle of the region, in addition to impacts on food 
production.  
Contrary to expectation, I found that soil moisture was frequently equal or drier when 
soybean was grown in elevated [CO2] compared to ambient [CO2]. In three of the eight years, 
reductions in gs appear to have been offset by greater canopy temperature and LAI in elevated 
[CO2]. No response or negative effects of elevated [CO2] on soil H2O%v/v tended to be observed 
in years when the climate was more stressful for plant growth as a result of greater temperatures 
and low precipitation. These data demonstrate that current predictions of reduced crop drought 
stress due to soil H2O%v/v conservation in elevated [CO2] in the future are likely to be overly-
optimistic, at least for soybean grown in the Midwest. In addition, these findings suggest that the 
widespread assumption that reduced gs lowers canopy and ecosystem water use should be re-
examined with additional field experiments across a broader range of environmental conditions.  
 
Results 
Climate 
Over eight years, growing season precipitation ranged from 274 mm to 470 mm (Table 
2.1, Fig. 2.1). Planting and harvest dates varied each year, but the growing season was roughly 
approximated as June – September, a period which has a 20-year average precipitation of 406 
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mm in Champaign, IL (Illinois State Water Survey; 
http://www.isws.illinois.edu/atmos/statecli/cuweather/). Average growing season temperature 
ranged from 20.0°C to 23.2°C, compared to a 20-year average June – September temperature of 
22°C (Illinois State Water Survey; http://www.isws.illinois.edu/atmos/statecli/cuweather/). 
Periods of soil drying, indicated by negative values of precipitation – potential 
evapotranspiration (P-PET; Fig. 2.1) were common but varied greatly in intensity, duration and 
frequency within and among years. 2011 was an exceptionally stressful growing season, 
indicated by consistently negative values of P-PET (Fig. 2.1). Temperature was well above 
average in 2010, and precipitation was unevenly distributed, with abundant rainfall early in the 
season and very little rainfall in the second half of the growing season (Fig. 2.1; Table 2.1). In 
contrast, 2006 and 2009 represented close to ideal growing conditions, with frequent rainfall 
regularly recharging soil H2O%v/v (Fig. 2.1).   
 
Interannual variation in soil H2O %v/v response to elevated [CO2] 
Elevated CO2 significantly increased soil H2O %v/v during portions of five out of eight 
years (Fig. 2.5; Table 2.5). In 2004, 2005, 2007, and 2009, soil H2O%v/v in elevated [CO2] was 
significantly greater in 60-70% of measured soil depth categories (Fig. 2.5, Table 2.5). However, 
in 2006 and 2008, soil H2O%v/v in elevated [CO2] was equivalent to ambient [CO2], with the 
exception of one soil depth in 2008 (Fig. 2.5; Table 2.5). In 2010, elevated [CO2] significantly 
increased soil H2O%v/v in surface soil (5-25 cm depth), but this effect was reversed in deeper soil 
and elevated [CO2] had significantly lower soil H2O%v/v at 25-75 cm depth (Fig. 2.5; Table 2.5). 
This effect was also observed in 2011, but to a lesser degree, as elevated [CO2] did not affect 
surface soil H2O%v/v, but significantly decreased soil H2O%v/v at 45-65 cm soil depth (Fig. 2.5; 
Table 2.5).  
 The inter-annual variation in response of soil H2O%v/v to elevated [CO2] was highly 
correlated (r2 = 0.86, p<0.003, % effect of elevated CO2 on soil H2O = 7.56 + 0.01 × 
precipitation – 0.41 × air temperature) with the environmental conditions during the period of 
canopy development (planting – date of peak LAI; Fig. 2.6); being negatively correlated with 
average temperature and positively correlated with total precipitation during this period. In other 
words, elevated [CO2] resulted in wetter soils during favorable crop growing conditions, but this 
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effect diminished and was eventually reversed as drought or temperature stress became more 
severe. 
 
Inter-annual variation in gs, LAI and canopy temperature response to elevated [CO2] 
Elevated [CO2] consistently reduced gs in all eight years of this study (-27 to -40 %; Fig. 
2.2; Table 2.2). However, there was no significant correlation between inter-annual variation in 
% effect of elevated [CO2] on gs and the % effect of elevated [CO2] on soil H2O%v/v (R
2=0.04; 
p=0.65; data not shown). While LAI was also significantly greater under elevated [CO2] in every 
year, there was considerable inter-annual variation in the maximum LAI (5.6 – 7.1 in ambient 
[CO2]) and the CO2 effect on maximum LAI (1 – 21%; Fig. 2.3; Table 2.3). There was 
significant inter-annual variation in the average timing and magnitude of the CO2 effect on 
canopy temperature within the season and throughout the day. The average daily maximum 
effect of elevated [CO2] on canopy temperature ranged from 0.33°C in 2007 to 0.90°C in 2010, 
and the time of day at which the  maximum CO2 treatment effect on canopy temperature 
occurred varied from year to year (Fig. 2.4), with the CO2 effect occurring earlier in the day 
during years featuring more drought stress. The seasonal average effect of elevated CO2 on soil 
H2O (%v/v) was significantly negatively correlated with the stimulation of maximum LAI by 
elevated [CO2] and the seasonal average of daily maximum CO2 effect on canopy temperature 
(Fig. 2.7a, b).  
 
Discussion 
 A unique, 8-year dataset from a FACE experiment on soybean revealed significant inter-
annual variation in the magnitude and direction of soil H2O%v/v response to elevated [CO2], 
despite consistent reductions in gs. In three of the eight growing seasons the soil moisture 
response did not match the widely held assumption that reduced gs will reduce plant water use 
under elevated [CO2]. This assumption is commonly extrapolated through model simulations to 
predict reduced plant drought stress, altered water cycling and altered soil biogeochemistry. 
However, I found that the beneficial effects of elevated [CO2] on soil H2O%v/v diminished, and 
were even reversed as growth conditions became more stressful and reduced gs was outweighed 
by the effects of elevated [CO2] canopy size and canopy temperature. These data suggest that the 
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predicted benefits of elevated [CO2] to plant water relations may not materialize, or may not be 
as strong as expected, in Midwestern soybean in a future warmer and drier climate.   
 Elevated [CO2] significantly reduced gs in all eight years of this study, with seasonal 
average reductions of 27-40% (Fig. 2.2, Table 2.2), consistent with previously published 
reductions of midday gs in elevated [CO2] at soyFACE in 2001-2004 (Rogers et al., 2004; 
Bernacchi et al., 2006). In the absence of significant inter-annual variation in the response of gs 
to elevated [CO2], LAI and canopy temperature are other features of canopy energy balance most 
likely to drive variation in canopy water use and, thereby, soil H2O%v/v (Field et al., 1995). 
While the theory underpinning interactions between gs, LAI and canopy temperature in response 
to elevated [CO2] is long established (Field et al., 1995), evidence for the mechanism operating 
in the field has been limited (e.g. Hunsaker et al., 1994; Nowak et al., 2004; Kamman et al., 
2005; Warren et al., 2011). Previous case studies of the response have been limited to system 
with atypically large LAI responses, often transiently associated with canopy dynamics 
associated with disturbance or early successional stages.  In contrast, this study indicates that 
inter-annual variation in climate can modify the interactions between a number of physiological 
responses to elevated [CO2] in such a way as to alter the overall effect on system water balance.  
 Elevated [CO2] increased average daytime canopy temperature of soybean in this study 
by <0.1°C – 0.4°C, depending on the year (Table 2.4). There was also inter-annual variability in 
the average daily maximum effect of elevated [CO2] on canopy temperature, and the time of day 
at which the maximum effect of elevated [CO2] occurred, with elevated [CO2] having a larger 
effect on canopy temperature in 2010 and 2011, and the peak effect of elevated [CO2] occurring 
earlier in the day in 2010-2011 compared to the other years in this study (Fig. 2.4). While 
previous studies have reported that elevated [CO2] caused canopy temperature increases of a 
similar magnitude in rice (Yoshimoto et al., 2005) and wheat (Kimball et al., 2002) grown at 
elevated [CO2], our study uniquely demonstrates that the strength of the canopy temperature 
response to elevated [CO2] varies by year with variation in environmental stress, and that this 
response can be strong enough to contribute to nullifying, or even reversing the effect of reduced 
gs on canopy water use and soil H2O%v/v (Fig. 2.7). A previous study at the soyFACE field site 
found that elevated [CO2] reduced gs, significantly increased canopy temperature and resulted in 
conservation of soil H2O%v/v in 2002-2005, years when this field site generally experienced 
average or above-average soil moisture (Bernacchi et al. 2007). The results of Bernacchi et al. 
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(2007) support the classical expectation that increased canopy temperature will not fully 
compensate for the effects of reduced gs on canopy water use. However, the current study 
incorporates data from 2004 and 2005, which were included in the Bernacchi et al. (2007) study, 
as well as data from six subsequent years representing a broad range of temperature and 
precipitation conditions, and demonstrates that the range of growing conditions experienced by 
the crops at soyFACE during these eight years contributed to variation in soil H2O%v/v response 
to elevated [CO2]. This demonstrates the value of long-term field studies encompassing a wide 
range of climatic conditions, as the eight-year record of soil H2O%v/v, canopy temperature and 
LAI data presented here lead to a significantly different conclusion than the earlier study.   
 Temperature and precipitation had a significant effect on the magnitude and direction of 
the CO2 effect on soil moisture. In less stressful growing conditions consisting of high levels of 
precipitation and low average air temperatures, elevated [CO2] significantly increased soil 
H2O%v/v; however, in years with lower precipitation and greater air temperature, indicating 
stressful growth conditions, the effect of elevated [CO2] on soil H2O%v/v diminished or became 
negative (Fig. 2.6). Our experiment provides evidence of the importance of the combined effect 
of temperature and precipitation in determining the strength and even the direction of the effect 
of elevated [CO2] on canopy water use.  
 
Conclusion 
There was significant interannual variability in the effect of elevated [CO2] on soil 
H2O%v/v in soybean grown in free-air CO2 enrichment, and I found that this variability was 
associated with environmental stress and with the magnitude of the effect of [CO2] on canopy 
temperature and LAI. These data suggest that models which broadly predict that elevated [CO2] 
will result in increased soil moisture and amelioration of drought stress may be overly-optimistic, 
particularly when applied to Midwestern agroecosystems. Predictions of the impacts of global 
change on agricultural production would likely be improved by considering how environmental 
stress and canopy responses to elevated [CO2] may compensate for, or even negate the presumed 
benefits of elevated [CO2] on canopy water use and soil moisture resources.  
 
Materials and Methods 
Field Site Description 
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This study was conducted at the soybean Free Air gas Concentration Enrichment 
(soyFACE) facility in Champaign, IL (40°02’N, 88°14’W) (www.igb.illinois.edu/soyface). In 
2004-2011, soybean (Glycine max (L.) Merr. cv. 93B15, Pioneer Hi-Bred International, Des 
Moines, IA, USA) was grown under fully-open air conditions at either ambient atmospheric 
[CO2] or elevated atmospheric [CO2]. The target concentration for elevated [CO2] treatment was 
550 ppm in 2004-2008, and was increased to 585 ppm in 2009-2011 in order to maintain a strong 
treatment effect as ambient [CO2] continued to rise. Free Air CO2 Enrichment (FACE) 
technology was used to achieve elevated [CO2] (Miglietta et al., 2001). The soyFACE field site 
and associated management practices have been thoroughly described in previous publications 
(Leakey et al., 2004; Rogers et al., 2004).  
 
Climate Data 
Air temperature and PAR data were obtained from a weather station located at the 
soyFACE field site. Precipitation data for the 2004-2008 growing seasons were obtained from a 
weather station located in Bondville, IL, approximately 5 miles from the soyFACE field site 
(VanLoocke et al., 2010). Precipitation data for 2009-2011 were collected at the soyFACE field 
site using tipping bucket rain gauges (RainWise Inc. Bar Harbor, ME, USA), which were located 
in each plot, and for these three years, growing season precipitation measured by these gauges 
was within 10 mm of the value recorded at the Bondville, IL site. Daily average potential 
evapotranspiration data were obtained from the Champaign site of the Illinois Climate Network 
(http://www.isws.illinois.edu/warm/datatype.asp), located approximately 3 miles from the 
soyFACE field site. Potential evapotranspiration data were merged with the precipitation data 
described above in order to calculate daily values of precipitation – potential evapotranspiration 
(P – PET). Seven day running average values were then calculated for P – PET and plotted 
against DOY, along with daily precipitation and air temperature values (Fig. 2.1). 
 
Soil H2O%v/v measurement 
Soil H2O %v/v was measured as previously described (Gray et al., 2013) using a 
capacitance probe (Diviner-2000, Sentek Sensor Technologies, Stepney, SA, Australia). 
Measurements were made every 2-8 days, with the exception of one 12-day gap in 2004. Within 
each plot, measurements were made at two locations within crop rows and two locations between 
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crop rows. At each location, measurements were made at 10-cm depth increments ranging from 5 
to 105 cm soil depth, and all four locations were averaged to provide one plot mean value for 
each 10-cm soil depth increment.  Raw data obtained from the capacitance probe were calibrated 
against gravimetric data as described by Paltineanu and Starr (1997). Minirhizotron analysis at 
soyFACE in 2009-2011 demonstrated that 89% of the total root length was located at 5-75 cm 
soil depth (SB Gray, unpublished data), so analysis of soil H2O%v/v data was restricted to these 
depths. 
 
Leaf area index measurement 
Leaf area index (LAI) was measured as has previously been described for the soyFACE 
field site (Dermody et al., 2006; Gray et al., 2010). Briefly, LAI was measured using a plant 
canopy analyzer (LAI-2000, Li-Cor Biosciences, Lincoln, NE, USA). Measurements were made 
in diffuse light conditions on cloudy days or within 1 hour of sunrise or sunset. Within each plot, 
LAI was measured in 2-6 locations. At each location, one measurement was made above the 
canopy and four measurements were made below the canopy, within the same row, and LAI 
values from each location within a plot were averaged to produce a plot mean LAI value. A 
plastic view cap was used to exclude the operator from images. Measurements were made every 
6-17 days, with the exception of a 36-day gap in 2006, for a total of 5-16 measurement dates 
each year. Multiple instruments were used on each measurement day to allow for data to be 
collected in multiple replicates in a short period of time under consistent light conditions. LAI 
data collected during 2011 were excluded when tests for instrument error revealed that data from 
the two analyzers used in that year differed by as much as 30% during the middle of the growing 
season. 
 
Measurement of leaf gas exchange 
In situ leaf-level gas exchange measurements were made using a portable gas exchange 
system (Li-Cor 6400; Li-Cor Biosciences, Lincoln, NE, USA), as has previously been described 
for the soyFACE field site (Leakey et al., 2009). Measurements were made in high light 
conditions, typically at midday, between 11:30 a.m. and 4:30 p.m. on 4-6 dates each year. The 
light, temperature and relative humidity conditions at the top of the canopy were reproduced by 
the gas exchange system. In each plot, three plants were randomly selected and one mature 
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leaflet at the top of the canopy from each of these plants was measured. Plot means were 
calculated as the average of the three values.  
 
Canopy temperature measurement 
As described by Bernacchi et al. (2007), canopy surface temperature was measured using 
infrared thermometers (IRT-P in 2004-2006 and SI-111 in 2007-2011; Apogee Instruments). 
Infrared thermometers were calibrated before each growing season (Triggs et al., 2004), and 
were placed 1 meter above the canopy in each plot. In order to limit the contribution of soil 
surface temperature to the canopy temperature reading, canopy temperature data were restricted 
to the period of time when LAI was greater than 3, indicating that the canopy was ‘closed’. 
Canopy temperature measurements were made in 10-second intervals and averaged over 10 
minutes, and relayed to and stored on a central computer. 10-minute average data were merged 
with PAR sensor data in order to restrict analysis to daylight hours (PAR >50 μmol m-2 s-1). 
Daily average canopy temperature during daylight hours was calculated for each plot, and used 
in an ANOVA to determine the effects of CO2 treatment, date and interactive effects of CO2 and 
date on canopy temperature. Canopy temperature data were averaged to produce hourly 
treatment means, which were plotted against time to demonstrate interannual and temporal 
variability in the effect of elevated CO2 on canopy temperature (Canopy temperature in elevated 
CO2 treatment – canopy temperature in ambient CO2 treatment; ∆Canopy Temperature; Fig. 2.4). 
Seasonal average hourly ∆ canopy temperature data were used to derive daily maximum ∆ 
canopy temperature data (Fig. 2.7). Due to problems with sensor calibrations, 2008 canopy 
temperature data were unreliable and were excluded from this analysis. 
 
Statistical Analysis 
All statistical analyses were performed on plot means (n=4). For soil volumetric water 
content data, each year was analyzed separately, and within years, each 10-cm depth category 
was analyzed in a separate mixed-model, repeated measures ANCOVA. Saturated soil water 
content at each depth at the beginning of the growing season was treated as a covariate, CO2 
treatment and date were treated as fixed effects, and block as well as the block × date interaction 
were treated as random effects. LAI, gs, and canopy temperature data for each year were 
analyzed in separate mixed-model ANOVAs where CO2 treatment and measurement date were 
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considered fixed effects and block was considered a random effect. For gs and canopy 
temperature data, repeated measures ANOVAs were used.  
Multiple regression analysis used the average daily temperature and the sum of 
precipitation during the period of canopy development, correlated with the average % effect of 
elevated CO2 on soil H2O%v/v during the same time (planting – peak LAI; Fig. 2.6). Average % 
effect of elevated CO2 on soil H2O%v/v during the period when the canopy was closed (LAI > 3) 
was correlated with maximum LAI in ambient CO2 treatment, the % effect of elevated CO2 on 
maximum LAI, and the average daily maximum effect of elevated CO2 on canopy temperature 
when LAI was greater than 3 using simple regressions (Fig. 2.7). Analyses were conducted using 
The Mixed Procedure or The Regression Procedure of SAS (SAS ver. 9.3, SAS Institute, Cary 
NC, USA).  In order to avoid type II errors, treatment effects were considered statistically 
significant at P < 0.1, as in previous studies (Morgan et al., 2005; Leakey et al., 2006; Gray et 
al., 2013). 
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Tables and Figures 
Table 2.1. Information on planting date, harvest date, date of peak leaf area index (LAI), growing season weather (planting through 
harvest), and weather during canopy development (planting through date of peak LAI) for 2004-2011. 
 
Year Planting 
Date 
Date of 
peak 
LAI 
Harvest 
Date 
Growing 
Season Average 
Temperature 
(°C) 
Growing 
Season 
Precipitation 
(mm) 
Average 
Temperature 
Planting- Peak 
LAI (°C) 
Precipitation 
Planting - Peak 
LAI (mm) 
2004 May 28  Aug 3 Oct 6  20.02 326 21.55 219 
2005 May 25  Jul 26 Oct 26  20.90 359  22.74 149 
2006 May 25  Jul 21 Oct 5  21.33 344  22.74 179 
2007 May 22  Aug 1 Oct 3  22.21 334 22.23 208 
2008 Jun 17  Aug 15 Oct 29  19.14 470 22.46 192 
2009 Jun 9  Aug 14 Oct 1  20.30 384  21.78 249 
2010 May 27  Aug 5 Sep 23  23.18 442  23.92 332 
2011 Jun 8  Aug 20 Oct 22  20.58 274  23.94 113 
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Table 2.2. ANOVA table showing the within-year effects of CO2 treatment, measurement date 
(day of year; DOY), and the interaction of CO2 and measurement date (CO2×DOY) on stomatal 
conductance (gs) for data from 2004-2011. Significant treatment effects are shown in bold type. 
Year Average effect of 
elevated CO2 on gs  
CO2 DOY CO2×DOY 
F-statistic P-value F-statistic P-value F-statistic P-value 
2004 -35% 15.11 0.001 3.23 0.03 1.03 0.42 
2005 -27% 3.32 0.09 18.69 <0.0001 0.21 0.89 
2006 -32% 20.11 0.001 49.98 <0.0001 0.63 0.61 
2007 -29% 9.13 <0.01 28.93 <0.0001 0.91 0.48 
2008 -28% 39.48 <0.0001 15.96 <0.0001 0.38 0.85 
2009 -37% 70.36 <0.0001 25.14 <0.0001 2.97 0.03 
2010 -34% 34.51 0.0003 48.38 <0.0001 0.31 0.87 
2011 -40% 24.64 0.0009 14.86 <0.0001 0.61 0.69 
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Table 2.3. ANOVA table showing the within-year effects of CO2 treatment, measurement date 
(day of year; DOY), and the interaction of CO2 and measurement date (CO2×DOY) on leaf area 
index (LAI) for data from 2004-2010. Significant effects are shown in bold type. 
Year CO2 DOY CO2×DOY 
F-statistic P-value F-statistic P-value F-statistic P-value 
2004 33.34 <0.0001 203.68 <0.0001 0.98 0.49 
2005 10.21 <0.01 448.86 <0.0001 2.05 0.02 
2006 27.10 <0.0001 225.48 <0.0001 0.46 0.77 
2007 3.79 0.06 254.43 <0.0001 0.48 0.82 
2008 32.71 <0.0001 303.57 <0.0001 3.16 <0.01 
2009 12.34 <0.001 201.88 <0.0001 0.45 0.89 
2010 71.94 <0.0001 217.45 <0.0001 1.57 0.13 
2011 - - - - - - 
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Table 2.4. Daylight canopy temperature lsmeans ± standard errors, % effect of elevated CO2 on 
daylight canopy temperature, and ANOVA results showing the within-year effects of CO2 
treatment, measurement date (day of year; DOY), and the interaction of CO2 and measurement 
date (CO2×DOY) on daylight average canopy temperature (where PAR>50). 
Year Average Canopy Temperature 
(°C) ± SE 
% Effect of 
Elevated 
CO2 
CO2 p-
value 
DOY p-
value 
CO2×DOY 
p-value 
Ambient CO2 Elevated CO2 
2004 22.9±0.1 23.3±0.1 +1.7% <0.0001 <0.0001 0.43 
2005 25.7±0.2 25.7±0.2 +0.0% 0.85 <0.0001 0.08 
2006 24.9±0.2 25.1±0.2 +0.8% <0.01 <0.0001 0.90 
2007 25.2±0.1 25.3±0.1 +0.4% 0.60 <0.0001 0.75 
2008 - - - - - - 
2009 22.0±0.1 22.0±0.1 +0.0% 0.49 <0.0001 <0.0001 
2010 29.1±0.1 29.2±0.1 +0.3% 0.08 <0.0001 0.73 
2011 24.4±0.3 24.8±0.3 +1.6% 0.05 <0.0001 0.90 
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Table 2.5. ANOVA results showing p-values for direct effects of day of year (DOY), CO2 treatment (CO2), and interactive effects of 
DOY and CO2 (DOY × CO2) on soil volumetric moisture content (soil H2O%v/v) at 5-75 cm depth. Significant treatment effects 
(p<0.1) are shaded grey to indicate greater soil H2O%v/v in elevated CO2, or black to indicate greater soil H2O%v/v in ambient CO2. 
Depth Effect 2004 2005 2006 2007 2008 2009 2010 2011 
5–15 cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.413 0.902 0.398 0.903 0.141 0.501 0.204 0.983 
DOY × CO2 <0.001 0.899 0.993 0.002 0.341 0.886 0.006 0.673 
15–25 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.591 0.624 0.794 0.429 0.726 0.124 0.644 0.236 
DOY × CO2 <0.001 0.319 0.163 0.028 0.587 0.155 0.079 0.999 
25–35 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.275 0.020 0.589 0.155 0.367 0.042 0.159 0.790 
DOY × CO2 <0.001 <0.001 0.254 0.030 0.544 <0.001 <0.001 0.701 
35–45 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.062 0.009 0.234 0.094 0.876 0.029 0.100 0.424 
DOY × CO2 <0.001 <0.001 0.926 <0.001 0.037 <0.001 <0.001 0.973 
45–55 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.289 0.028 0.829 0.060 0.483 0.137 0.135 0.050 
DOY × CO2 0.142 <0.001 0.230 0.008 0.981 0.284 <0.001 0.008 
55–65 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.552 0.082 0.358 0.223 0.458 0.161 0.328 0.078 
DOY × CO2 0.843 0.003 0.548 0.162 0.948 <0.001 0.002 0.527 
65–75 
cm 
DOY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CO2 0.003 0.221 0.899 0.444 0.733 0.506 0.532 0.346 
DOY × CO2 0.597 0.070 0.569 0.405 0.894 0.010 0.022 0.973 
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Figure 2.1. Daily average temperature (black lines), daily precipitation (black bars), and running 
7-day average precipitation – potential evapotranspiration (grey lines) at the soyFACE field site 
from planting through harvest for 2004-2011. 
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Figure 2.2. Midday stomatal conductance (gs) data from the 2004-2011 growing seasons at 
soyFACE for ambient CO2 treatment (open circles, dashed lines) and elevated CO2 treatment 
(filled circles, solid lines). Data shown are ls-means ± standard errors. Grey circles and lines 
represent the % effect of elevated CO2 on gs for each measurement date. 
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Figure 2.3. Leaf area index (LAI) data from the 2004-2010 growing seasons at soyFACE for 
ambient CO2 treatment (open circles, dashed lines) and elevated CO2 treatment (filled circles, 
solid lines). Data shown are lsmeans ± standard errors. Grey circles and lines represent the % 
effect of elevated CO2 on LAI for each measurement date.  
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Figure 2.4. Mean hourly effect of elevated [CO2] on canopy surface temperature (mean canopy 
surface temperature for elevated [CO2] – mean canopy surface temperature for ambient [CO2]) 
during the period when the canopy was closed (LAI>3).  
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Figure 2.5. Three-dimensional representation of soil volumetric moisture content (H2O%v/v) for 
each growing season, 2004-2011. In each figure, day of year (DOY) is shown on the y-axis, soil 
depth (cm) is shown on the x-axis, and soil volumetric moisture content (H2O%v/v) in ambient 
CO2 treatment is shown on the z-axis. The color scale represents the percent change in H2O%v/v 
in elevated CO2 relative to ambient CO2 treatment, with blue representing an increase in H2O%v/v 
in elevated CO2 treatment, and tan representing a decrease in H2O%v/v in elevated CO2 treatment. 
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Figure 2.6. Three-dimensional representation of the average effect of elevated CO2 on soil 
volumetric moisture content (H2O%v/v; z-axis) in response to average air temperature (°C; y-
axis) and the sum of precipitation (mm; x-axis) during the period of canopy development, 
planting date through the date of peak leaf area index. 
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Figure 2.7. A: Regression relationships of % effect of elevated CO2 on soil volumetric water 
content (H2O%v/v) with % effect of elevated CO2 on maximum LAI. B: Regression relationship 
of % effect of elevated CO2 on soil volumetric water content (H2O%v/v) with average peak daily 
∆canopy temperature (°C). Data used are average H2O%v/v effect during the period when the 
canopy was closed (LAI>3), % effect of elevated CO2 on LAI at peak LAI, and average peak 
∆canopy temperature values for each year, calculated from hourly means. Adjusted R2-values 
and p-values are shown on each panel. 
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CHAPTER III: FREE-AIR CO2 ENRICHMENT DOES NOT AMELIORATE DROUGHT 
STRESS IN SOYBEAN (GLYCINE MAX)1 
 
Abstract 
The concentration of CO2 ([CO2]) in the atmosphere is projected to rise to at least 550 parts per 
million (ppm) by the middle of this century, and summer droughts are expected to become more 
frequent and more severe in mid-continental areas. Elevated [CO2] consistently reduces stomatal 
conductance (gs), reducing water use at the leaf-level.  This is expected to scale up to result in 
decreased canopy-level water use, conservation of soil moisture and amelioration of drought 
stress. At the soybean Free Air CO2 Enrichment (soyFACE) facility, soybean was grown in 
ambient or elevated [CO2] in combination with control (CP) or reduced (RP) levels of 
precipitation over three growing seasons. This allowed a “real-world” test of the hypothesis that 
elevated [CO2] will ameliorate the negative impacts of drought stress on soybean by: (1) 
reducing gs, resulting in conservation of soil volumetric water content (soil H2O%v/v), (2) 
increasing root length, resulting in improved access to soil water, and as a result of these two 
responses (3) reducing the strength of ABA signals that lower gs and photosynthetic CO2 
assimilation in response to soil drying. Contrary to common expectation, soil H2O%v/v was 
frequently the same or drier in elevated [CO2] compared to ambient [CO2]. Elevated [CO2] 
consistently increased root length density (RLD); however the effect of elevated [CO2] on RLD 
mainly occurred in shallow or intermediate soil depths and did not increase plant access to soil 
water. As a consequence, there was no CO2 effect on the rate of increase in xylem [ABA] as the 
soil dried. However, gs responded more sensitively to RP in elevated [CO2] than in ambient 
[CO2]. This resulted in greater stomatal limitation of CO2 supply to photosynthesis in response to 
drought at elevated [CO2] compared to ambient [CO2]. This was associated with elevated [CO2] 
exacerbating yield loss in response to severe drought, rather than ameliorating yield loss in the 
manner assumed by most models predicting future crop yields, suggesting that current 
projections of future crop yield in the Midwest U.S. may be overly optimistic.  
                                                          
1 The 2010 soil volumetric water content data presented in Table 3.2 were previously published in Gray SB, 
Strellner RS, Puthuval KK, Ng C, Shulman RE, Siebers MH, Rogers A, Leakey ADB (2013) Minirhizotron 
imaging reveals that nodulation of field-grown soybean is enhanced by free-air CO2 enrichment only when 
combined with drought stress. Functional Plant Biology 40: 137-147. Data are reprinted with permission of the 
publisher. The original publication may be downloaded at 
(http://www.publish.csiro.au/nid/102/paper/FP12044.htm). 
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Introduction 
Rising atmospheric CO2 concentration ([CO2]) and altered frequency and intensity of 
precipitation events associated with anthropogenic climate change are already altering the 
growth environment for crop species, representing new opportunities and new challenges for 
physiology and performance (McGrath and Lobell, 2011). In the coming century, mid-
continental areas such as the Midwestern United States are predicted to experience decreased 
summer precipitation, associated with an increase in soil drying and increased risk of drought 
(Meehl et al., 2007). Production in the Midwestern U.S. accounts for more than 80% of national 
soybean (Glycine max) yield, which was estimated at 3.015 billion bushels in 2012 (USDA ERS; 
www.ers.usda.gov; Ash, 2013). The high seed protein content of soybean, combined with the 
very large global acreage planted in this crop, make soybean the most important source of plant 
protein globally (Hartman et al., 2011). As such, it is critical that we understand how changes in 
climate in important production regions will affect the physiology and performance of this 
important food crop.  
Drought stress already causes greater crop yield losses globally than any other abiotic 
stress (Boyer, 1982). Growth in water deficit conditions causes numerous morphological and 
physiological changes, which are orchestrated via altered expression of drought-responsive genes 
and post-transcriptional regulation of gene expression, and resulting biochemical and cellular 
changes (Valliyodan and Nguyen, 2006; Covarrubias and Reyes, 2010). Drought stress reduces 
photosynthetic carbon assimilation (A) by decreasing stomatal conductance (gs), thereby 
decreasing the leaf intercellular CO2 concentration (Ci) and, in severe drought stress, 
photosynthesis may also be decreased by non-stomatal factors including photoinhibition, 
membrane dehydration and reduction in activity of water-soluble enzymes (Kaiser, 1987). In 
addition to reducing conductance of [CO2] through stomata, drought stress may reduce CO2 
conductance through the mesophyll, associated with changes in mesophyll structure or 
rearrangement of intercellular spaces (Bongi and Loreto, 1989; Delfine et al., 1998; Flexas et al., 
2004).  Abscisic acid (ABA) is an important integrator of water deficit sensing in the root and 
physiological responses in the shoot. ABA is constitutively synthesized at low levels in both 
roots and leaves (Wilkinson and Davies, 2002). Biosynthesis of ABA in roots increases in 
response to soil drying, and leaf biosynthesis of ABA increases in response to reductions in leaf 
water potential (Sauter et al., 2001). In addition to increasing biosynthesis of ABA, drought 
41 
 
stress may also alter the distribution of ABA by increasing the pH of the xylem sap (Wilkinson 
and Davies, 1997). ABA is a weak acid (pKa=4.8) and, in unstressed plants that generally have a 
xylem pH of ~6, ABA accumulates in the relatively alkaline cytoplasm of mesophyll or 
epidermal cells, where it dissociates and becomes trapped, reducing the strength of the ABA 
signal that is received at the guard cell (Wilkinson and Davies, 1997). However, in stressed 
plants, the xylem pH may increase to ~7, which reduces the amount of ABA that is taken up by 
the symplast and increases the ABA signal that is received at the stomatal guard cell (Wilkinson 
and Davies, 1997). In addition to reducing gs (Jones and Mansfield, 1970), ABA also increases 
expression of drought-related genes in the leaf (Bray, 2002), and decreases leaf growth rate 
(Bacon et al., 1998).  
Elevated [CO2] may alter plant responses to drought by altering whole plant water use 
and by affecting plant access to water via changes in root length or architecture. Reduced 
stomatal conductance (gs) is one of the most consistently observed responses to growth in 
elevated [CO2], and results in decreased water use at the leaf level (Ainsworth and Long, 2005). 
Stimulation of A and decreased gs of C3 plants grown in elevated [CO2] contribute to increased 
leaf-level water use efficiency (WUE; Long et al., 2004). Increased WUE and increased root 
density caused by growth in elevated [CO2] are widely predicted to alleviate drought stress in 
crop and forest systems in the future (Easterling et al., 2007), although increased canopy 
temperature and increased leaf area in elevated [CO2] have the potential to counteract reduced 
leaf-level water use associated with reduced gs (Field et al., 1995; Kimball et al., 2002). 
Enhanced root growth in elevated [CO2] is expected to improve plant access to soil water, and 
has been widely observed (Wullschleger et al., 2002). For example, root dry weight of soybean 
grown at elevated [CO2] in controlled environment studies was 48% greater than that of ambient 
CO2-grown plants (Ainsworth et al., 2002). At the soybean Free Air CO2 Enrichment (soyFACE) 
experiment, Rodriguez (2004) found that elevated [CO2] stimulated root biomass in the top 25 
cm of soil by 30%. In a review of crop root growth responses to elevated [CO2], Pritchard and 
Rogers (2000) found that increased root growth of crops under elevated [CO2] is generally seen 
as increased initiation and stimulation of lateral root growth rather than increased elongation of 
primary roots. Increased lateral root spread has been observed in cotton grown in free-air CO2 
enrichment, and it was suggested that this growth response would allow more thorough 
exploration of the soil volume and increase absorption of water and nutrients (Prior et al., 1994). 
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Altered root growth of crop plants grown in elevated [CO2] may result in increased resource 
acquisition associated with greater total root length, but the efficiency of water and nutrient 
uptake may decrease as increased root length in shallow soils may not cause parallel increases in 
access to resources (Berntson and Bazzaz, 1996; Pritchard and Rogers, 2000).    
I tested the interactive effects of elevated [CO2] and reduced precipitation on field-grown 
soybean in a 3-year experiment at the soybean Free Air CO2 Enrichment facility (soyFACE). At 
soyFACE, plants are grown in ambient CO2 (~390 ppm) or elevated [CO2] (585 ppm) in a fully 
open-air environment, in standard agronomic conditions. Additionally, plants were exposed to 
control (CP) or reduced (RP) levels of precipitation as a split-plot factor, resulting in four 
treatment combinations: ambient [CO2], control precipitation (AC-CP), ambient [CO2], reduced 
precipitation (AC-RP), elevated [CO2], control precipitation (EC-CP), and elevated [CO2], 
reduced precipitation (EC-RP). As plants are grown in the open soil at soyFACE, there are no 
artificial restrictions on root proliferation, and the soil water profile responds dynamically to 
experimental treatments, weather patterns, and plant water use. This unique experimental setup 
allowed me to conduct a thorough investigation of the effects of elevated [CO2] and reduced 
precipitation on root depth distribution relative to soil water resources, drought stress signaling 
via abscisic acid, and resulting responses in leaf physiology. I tested the hypothesis that elevated 
[CO2] would ameliorate drought stress via the following mechanisms: 
(1) By reducing stomatal conductance and decreasing total canopy water use, elevated 
[CO2] will conserve soil moisture resources 
(2) By stimulating root growth, elevated [CO2] will improve plant access to soil water  
(3) By allowing avoidance of drought stress through conservation of soil water and 
stimulation of root growth, elevated [CO2] will reduce drought sensing and signaling 
via abscisic acid, and will ameliorate drought-induced reductions in photosynthetic 
gas exchange   
Results 
Reduced Precipitation Treatment and Weather 
The rainfall exclusion awnings used in this study excluded 64%, 41%, and 35% of 
growing season precipitation in 2009, 2010 and 2011, respectively (Fig. 3.1, Table 3.1). This 
precipitation treatment was imposed on a gradient of increasingly stressful growing seasons. In 
2009, June-September temperatures were 1.2°C below the long-term average and precipitation 
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was average (Table 3.1). In contrast, in 2010, the average temperature was 0.9°C above average 
and precipitation, although above average, was unevenly distributed with most of the summer 
precipitation falling in June, leading to stressful conditions later in the growing season (Table 
3.1). Conditions during the 2011 growing season were even more stressful, with June-September 
temperatures 0.2°C above average and rainfall 38% lower than the long term average (Table 
3.1). June-September rainfall in reduced precipitation (RP) treatment plots was 136 mm, 265 
mm, and 140 mm in 2009, 2010, and 2011, respectively (Fig. 3.2). The lowest recorded June – 
September precipitation in the last 110 years in Champaign County, IL was 176 mm in 1922 
(http://www.isws.illinois.edu/atmos/statecli/cuweather/), indicating that our RP treatments were 
comparable to or drier than the driest summers on record for this area. The range of precipitation 
values observed in our RP treatments and CP treatments during these three years provides a wide 
inference space for investigating how the effects of elevated [CO2] on field-grown soybean will 
be affected by the dry conditions predicted for end of this century.  
 
Soil H2O%v/v 
Reduced precipitation treatment significantly decreased soil H2O%v/v in all three years of 
this experiment (Fig. 3.3, Table 3.2). The magnitude of this treatment effect varied with time, 
and was generally greatest following precipitation events, as rainfall replenished soil H2O%v/v in 
CP treatment, but soil in RP treatment became progressively drier throughout each season (Fig. 
3.3). The significant reduction in soil H2O%v/v in RP treatment extended to 55 cm depth in 2009, 
85 cm depth in 2010, and 75 cm depth in 2011 (Table 3.2). 
I found that elevated [CO2] did not always conserve soil H2O%v/v, and sometimes even 
decreased soil moisture, but this effect depended on the precipitation treatment (Fig. 3.3, Table 
3.2). In 2009, when plants were exposed to control precipitation treatment, elevated [CO2] 
significantly increased soil H2O%v/v during three time periods: DOY 215 (15-45 cm depth), 
DOY 222-229 (15-65 cm depth), and DOY 254-260 (15-75 cm depth). However, when plants 
were exposed to RP treatment, elevated [CO2] had a much smaller effect on soil H2O%v/v (Fig. 
3.3). Elevated [CO2] had no effect on soil H2O%v/v in RP treatment at 5-45 cm depth, but in 
deeper soils (65-95 cm depth), elevated [CO2] significantly decreased soil H2O%v/v during the 
last two weeks of measurements (DOY 247-260). 
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 In 2010, when plants were grown in control precipitation treatment, elevated [CO2] 
significantly increased H2O%v/v in surface soils throughout the growing season (5-15 cm soil 
depth; Fig. 3.3, Table 3.2), but significantly decreased soil moisture at intermediate soil depths 
during the second half of the growing season (25-45 cm depth; Fig. 3.3, Table 3.2). There were 
no significant effects of elevated [CO2] when plants were grown in reduced precipitation 
treatment.  
In 2011, I observed a trend similar to the treatment effects observed in 2010, wherein 
elevated [CO2] tended to decrease soil moisture at intermediate soil depths in the middle of the 
growing season in control precipitation, but not in reduced precipitation (Fig. 3.3). However, 
there were no significant direct or interactive effects of CO2 on soil H2O%v/v in 2011 (Table 3.2).  
 
Root Length Density 
Elevated [CO2] significantly increased root length density (RLD; cm root cm
-3 soil) in all 
three years of this experiment, and this effect mainly occurred in shallow to intermediate soil 
depths (Fig. 3.4; Table 3.3). Elevated [CO2] significantly increased RLD at 15-25 cm depth and 
45-55 cm depth during the entire 2009 growing season (Fig. 3.4; Table 3.3). Additionally, RLD 
was significantly greater in elevated [CO2] treatment at 35-45 cm depth starting on DOY 202 
(Fig. 3.4; Table 3.3). The effect of elevated [CO2] tended to be greater when combined with 
reduced precipitation in 2009, although the interactive effect of CO2 and precipitation treatments 
was never statistically significant at the p<0.1 level (Fig. 3.4; Table 3.3). Reduced precipitation 
significantly increased RLD at 45-55 cm soil depth in 2009 (Fig. 3.4; Table 3.3). 
In 2010, elevated [CO2] significantly increased RLD at 25-45 cm soil depth, but the 
magnitude of this effect varied throughout the season (Fig. 3.4; Table 3.3). Reduced precipitation 
treatment significantly increased RLD in intermediate soil depths (35-45 cm depth) and 
significantly decreased RLD in shallow depths during the second half of the 2010 growing 
season (5-15 cm depth; Table 3.3; Fig. 3.4).  
In 2011, elevated [CO2] significantly increased RLD at 35-65 cm soil depth (Fig. 3.4; 
Table 3.3). This effect was reversed in deeper soils, as elevated [CO2] significantly decreased 
RLD at 75-85 cm soil depth (Fig. 3.4; Table 3.3). In 2011, there were no significant effects of 
reduced precipitation treatment on RLD (Fig. 3.4; Table 3.3). 
 
45 
 
Soil H2O%v/v weighted for root depth distribution 
 In all three years of this experiment, RP treatment significantly reduced weighted soil 
H2O%v/v, but this effect varied through the course of each season (Fig. 3.5; Table 3.4). In 2009, 
RP treatment significantly reduced weighted soil H2O%v/v on every measurement date except 
one during the early growing season (Fig. 3.5; Table 3.4). In 2010, RP strongly reduced weighted 
soil H2O%v/v throughout the season (Fig. 3.5; Table 3.4). In 2011, RP only reduced weighted soil 
H2O%v/v during the second half of the growing season (Fig. 3.5; Table 3.4).  
Despite causing consistent increases in RLD, elevated [CO2] did not have consistent 
effects on soil H2O%v/v, weighted for root depth distribution among the three years of this study. 
Elevated [CO2] did not significantly affect weighted soil H2O%v/v during the 2009 growing 
season (Fig. 3.5; Table 3.4). In 2010, elevated [CO2] significantly decreased weighted soil 
H2O%v/v throughout the growing season, and this effect tended to be stronger in CP treatment 
(Fig. 3.5; Table 3.4). In 2011, elevated [CO2] increased weighted soil H2O%v/v on one early 
season measurement date (DOY 194), but did not affect weighted soil H2O%v/v for the rest of the 
growing season (Fig. 3.5; Table 3.4). 
 
Leaf and Xylem ABA and Xylem pH 
 Because the effect of the RP treatment on soil H2O%v/v varied significantly with time 
during each season according to variation in frequency and intensity of naturally-occurring 
precipitation and varied with CO2 treatment, relationship between soil H2O%v/v and leaf and 
xylem ABA and xylem pH data were investigated using regression analyses (Fig. 3.6). This 
allowed me to consider soil H2O%v/v as a continuous variable, rather than a fixed variable as it 
was used in ANOVA. Both leaf and xylem ABA had significant log-linear relationships with soil 
H2O%v/v, increasing significantly as soil H2O%v/v decreased (R
2=0.32-0.50; Fig. 3.6). Xylem 
ABA content was not affected by elevated [CO2] (Fig. 3.6). Although regression analysis 
indicated a weak effect of elevated [CO2] on leaf ABA content (Fig. 3.6), this effect was small in 
magnitude and inconsistent across soil H2O%v/v, and ANOVA revealed no significant effects of 
[CO2] treatment. In contrast, xylem pH did not differ significantly across the range of soil 
H2O%v/v observed in the three years of this experiment and did not respond to [CO2] treatment 
(Fig. 3.7)     
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Photosynthetic Gas Exchange  
 Elevated [CO2] significantly reduced stomatal conductance (gs) in 2009, 2010 and 
2011(Fig. 3.8; Table 3.5). Reduced precipitation also reduced gs in each year, but low 
precipitation and high temperatures in 2011 led to water stress in both CP and RP treatments, and 
gs in all treatments decreased to basal levels early in the season, resulting in RP treatment 
causing only a marginally significant reduction of gs in 2011 (p=0.10; Fig. 3.8; Table 3.5). There 
was also a significant interactive effect of CO2 and precipitation treatments in 2009, indicating 
that RP caused a larger reduction in gs in elevated [CO2] than in ambient [CO2] (Fig. 3.8; Table 
3.5).  
 Elevated [CO2] significantly increased photosynthetic carbon assimilation (A) on average 
over all three years of this study (Fig. 3.8; Table 3.5). Reduced precipitation significantly 
decreased A each year (Fig. 3.8; Table 3.5). During the 2011 growing season, A was consistently 
greater in elevated [CO2] CP treatment than in ambient CO2 CP treatment, but on two days the 
stimulation of A by elevated [CO2] was not observed in RP treatment (DOY 214 and 251; Fig. 
3.8; Table 3.5). 
Elevated [CO2] significantly increased Ci in all three years of this study (Fig. 3.8; Table 
3.5). In contrast, RP treatment significantly decreased Ci in each year, but in 2009 and 2010, this 
effect was much stronger in elevated [CO2] than in ambient CO2 (Fig.6; Table 3.5).  
Increasing leaf and xylem ABA concentration resulted in decreased gs, causing a 
reduction in Ci (Fig. 3.9). Ci responded more sensitively to increases in leaf and xylem ABA in 
elevated [CO2] compared to ambient CO2 treatment, leading to a larger drop in Ci for a given 
increase in ABA (Fig. 3.9). WUE of elevated [CO2]-grown plants was greater than that of 
ambient [CO2]-grown plants, and WUE in both treatments increased with increasing ABA 
content, but the rate of increase in WUE in response to increasing ABA was greater in elevated 
[CO2] than in ambient [CO2], causing the difference between the [CO2] treatments to be larger at 
greater ABA concentrations (Fig. 3.10).  
Elevated [CO2] and reduced precipitation interacted to affect the ratio of leaf intercellular 
CO2 concentration to atmospheric CO2 concentration (Ci/Ca; Fig. 3.8; Table 3.5). In 2009, RP 
treatment reduced Ci/Ca, but this effect was only significant in elevated [CO2] (Fig. 3.8; Table 
3.5). RP treatment reduced Ci/Ca in 2010 as well, and this effect was larger in elevated [CO2], 
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but the interactive effect of CO2 and precipitation treatments was not significant in this year. In 
2011, both elevated [CO2] and RP treatments significantly reduced Ci/Ca (Fig. 3.8; Table 3.5). 
 
Discussion 
 Contrary to my expectation that elevated [CO2] would always ameliorate drought-
induced reductions in photosynthetic gas exchange, the response of gas exchange parameters to 
RP treatment was often greater in elevated [CO2], associated with greater sensitivity to ABA. 
Leaf ABA content in this experiment was in the range of 900-5000 ng g-1 dry weight, corrected 
for starch, consistent with leaf ABA values for field-grown soybean reported by Samet et al. 
(1984). RP treatment increased season-average leaf ABA by 20-30% and RP treatment increased 
season-average xylem ABA by 13-25%. This relationship was illustrated by significant negative 
correlation of leaf and xylem ABA to soil H2O%v/v (Fig. 3.6). These increases in ABA in 
response to reduced water availability are modest compared to values reported by Liu et al. 
(2003), who found that leaf ABA in drought-stressed soybean was 9-fold greater than that of 
control and xylem ABA in drought-stressed soybean was 50-fold greater than that of control. 
However, Liu et al. (2003) grew soybeans in 50-cm deep pots, where soil drying was likely fast 
and uniform, leading to dramatic reductions in available moisture in the soil in drought 
treatment. In contrast, soybean grown at soyFACE are deep-rooted and were grown in soil that 
was near field capacity at the beginning of each growing season, causing RP treatment to result 
in less severe reductions in available water in comparison to drought experiments in pot-grown 
plants. Leaf and xylem ABA increased each year from 2009 to 2011, indicating increasing 
drought stress associated with high temperatures and low levels of naturally occurring 
precipitation.  
In this study, xylem pH was 5.9 on average, identical to the value reported by Liu et al. 
(2003) for well-watered soybean. Liu et al. (2003) found that xylem pH increased to values as 
high as ~6.6 in drought-stressed plants, but xylem pH did not respond to decreasing soil H2O%v/v 
under field conditions in this experiment (Fig. 3.7). This is particularly interesting because Liu et 
al. (2003) reported that soil drying caused increases in leaf ABA and xylem pH at similar soil 
water thresholds. In our study, however, leaf and xylem ABA increased significantly with soil 
drying across the range of soil H2O%v/v observed during the three years of this study, but xylem 
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pH did not change across this same range, suggesting differences in this chemical signal of 
drought stress in field-grown soybean compared to potted soybean plants. 
 Although elevated [CO2] did not affect xylem ABA content, several parameters of 
photosynthetic gas exchange responded more sensitively to RP treatment in elevated [CO2] than 
in ambient [CO2]. RP caused significant decreases in A, gs, Ci, and Ci/Ca in all three years of this 
study. In contrast to my prediction that the effects of RP on photosynthetic gas exchange would 
be smaller in elevated [CO2], I often found the opposite. Elevated [CO2]-grown plants had 
greater leaf-level WUE, and this effect became stronger as leaf and xylem ABA concentrations 
increased (Fig. 3.10). However, this effect was driven by the larger RP-induced reductions in gs 
that occurred in elevated [CO2], and not by amelioration of RP effects on A (Fig. 3.8), suggesting 
that improved WUE observed in elevated [CO2] in this experiment had limited physiological 
significance. The trend of greater RP effects on gas exchange in elevated [CO2] was surprising 
since elevated [CO2] did not increase leaf or xylem ABA, and suggests greater stomatal 
sensitivity to ABA in elevated [CO2]. For a given increase in leaf ABA or xylem ABA, plants 
grown in elevated [CO2] showed a greater decrease in Ci compared to plants grown in ambient 
CO2 (Fig. 3.9). There has been some degree of controversy in the past literature regarding the 
interactive effects of atmospheric [CO2] and ABA on stomata. For example, Raschke et al. 
(1975) found that CO2 was necessary for stomatal response to ABA in Xanthium strumarium, 
and that elevated [CO2] enhanced stomatal response to ABA, whereas Mansfield (1976) found 
that stomata of the same species decreased their aperture in response to ABA consistently at 0-
500 ppm CO2. The interactive effects of [CO2] and ABA on stomata vary significantly by species 
(Raschke and Hedrich, 1985), and ABA has been found to sensitize soybean stomata to elevated 
[CO2] (Bunce 1998). However, these studies were conducted by injecting ABA into the petiole, 
or feeding ABA through a cut petiole. Here I have demonstrated that, across a range of naturally-
occurring leaf and xylem ABA concentrations, plants grown in elevated [CO2] in the field 
responded to increasing ABA with greater stomatal sensitivity than plants grown in ambient 
[CO2]. In contrast to my prediction that elevated [CO2] would ameliorate drought-induced 
reductions in photosynthetic gas exchange, these data indicate that the  sensitivity of 
photosynthetic gas exchange to ABA can be enhanced in soybean grown in FACE. Increased 
sensitivity of elevated [CO2]-grown plants to signals of drought stress likely contributed to 
unexpected interactive effects of elevated [CO2] and RP on yield. In the normal growing 
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conditions of 2009, elevated [CO2] increased pod mass in both CP and RP treatments, however 
in the increasingly stressful growing conditions of 2010 and 2011, this effect diminished and 
then disappeared, with combined elevated  [CO2] and RP treatment resulting in lower pod mass 
than control in  2011 (M. Siebers, unpublished). 
Conservation of soil moisture in elevated [CO2] is a central tenet of the prediction that 
elevated [CO2] will ameliorate drought stress, however, in this study, elevated [CO2] 
significantly increased soil moisture only during parts of the 2009 growing season and in surface 
soils in 2010, and this effect was only observed in CP treatment (Fig. 3.3). In deeper soil depths 
in 2010, and to a lesser degree in 2011, elevated [CO2] resulted in decreased soil moisture when 
combined with CP treatment—a surprising result that was contrary to our hypothesis and to the 
prevailing expectation in the literature (Drake et al., 1997; Wullschleger et al., 2002; Long et al., 
2004). The lack of soil H2O%v/v conservation by elevated [CO2] observed in this study meant 
that the strength of the ABA signal in ambient and elevated [CO2] were roughly equivalent, 
suggesting that enhanced stomatal response to RP in elevated [CO2]-grown plants must be 
associated with greater stomatal sensitivity to ABA. In previous studies, conservation of soil 
H2O%v/v in elevated [CO2] may have masked interactive effects of elevated [CO2] and ABA on 
gs. The reduction in gs that is predicted to cause conservation of soil moisture also results in 
increased canopy temperature (Kimball et al., 2002). This increase in canopy temperature, in 
combination with increased water demands associated with a larger plant canopy in elevated 
[CO2] have the potential to counteract the effect of reduced gs on whole plant water use (Field et 
al., 1995). The soil H2O%v/v data collected from CP treatments in this experiment were part of an 
8-year dataset, which demonstrated that, in years when elevated [CO2] caused larger increases in 
leaf area and canopy temperature, soil H2O%v/v response to elevated [CO2] was less positive 
(Chapter 2). This eight-year dataset also demonstrated that in years with higher temperatures and 
lower precipitation, elevated [CO2] had a less positive effect on soil H2O%v/v (Chapter 2). The 
2010 and 2011 growing seasons were hot and dry years during which elevated [CO2] resulted in 
large daily maximum increases in canopy temperature (Chapter 2), likely increasing transpiration 
and over-powering the reduction in gs to ultimately decrease soil moisture. 
 Consistent with my expectations, I found that elevated [CO2] increased root length 
density (RLD) in all three years of this experiment (Fig. 3.4; Table 3.3). However, rather than 
increasing RLD in deep soils with the greatest soil water content, elevated [CO2] primarily 
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affected root growth in intermediate soil depths of 25-55 cm (Fig. 3.4; Table 3.3). This is 
consistent with previous research summarized by Pritchard and Rogers (2000), which found that 
elevated [CO2] increased root proliferation in shallow soils in a variety of crop species grown in 
controlled environments. Fewer studies have investigated the effects of elevated [CO2] on root 
length and depth distribution of crop species grown in free-air CO2 enrichment, where rooting 
volume is not artificially constrained by pots. In a 2-year FACE experiment at 2 different 
locations, Rogers et al. (1992), found in the first year that elevated [CO2] enhanced RLD of 
cotton at 0-15 and 30-45 cm depth, but did not significantly affect RLD at 45-60 cm depth, and 
in the second year they found that elevated [CO2] increased RLD at 0-45 cm soil depth, but 
decreased RLD at 60-75 cm soil depth. I also observed significant increases in RLD in elevated 
[CO2] treatments in the top 55 cm of soil depth in the present study, and found that elevated 
[CO2] did not affect RLD in deeper soils in 2009 or 2010, but elevated [CO2] decreased RLD at 
75-85 cm soil depth in 2011 (Fig. 3.4; Table 3.3). Prior et al. (1994) found that elevated [CO2] 
caused larger increases in RLD of cotton at 25-50 cm distance from the row than in the row, 
indicating an increase in lateral root spread. Wechsung et al. (1995) found that in wheat grown in 
free-air CO2 enrichment, total root biomass was 20-35% greater compared to control throughout 
the whole rooting zone (0-100 cm), and elevated [CO2]-grown plants had increased lateral root 
spread into the soil between crop rows at 0-15 cm soil depth, but there was no evidence that 
elevated [CO2] increased rooting depth. These results are consistent with previous findings that 
growth in free-air CO2 enrichment increases RLD in shallow to intermediate soil depths, but 
does not increase RLD in deeper soils.  
The impact of these changes in RLD on whole plant drought response depends on the 
distribution of water resources in the soil relative to the distribution of roots. To assess whether 
increased RLD affected plant access to soil water, I weighted estimates of soil H2O%v/v by the 
proportion of root length that was located in each soil depth category. Despite consistently 
increasing RLD, elevated [CO2] never increased soil H2O%v/v, weighted for root depth 
distribution, and in 2010, elevated [CO2] significantly decreased weighted soil H2O%v/v (Fig. 
3.5; Table 3.4). These data suggest that, although elevated [CO2] did cause consistent increases 
in RLD in both control and reduced levels of precipitation in this experiment, elevated [CO2] did 
not improve plant access to soil water. This is contrary to the prediction that increased root 
growth in elevated [CO2]-grown plants will ameliorate the negative impacts of water stress by 
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increasing plant access to soil water (Wullschleger et al., 2002). Although many previous 
observations have demonstrated that increased root length in elevated [CO2] occurs primarily in 
shallow or intermediate soil depths, the prediction of enhanced access to soil water persists in the 
literature. Prior et al. (1994) suggested that increased lateral root spread of cotton grown in free-
air CO2 enrichment would allow more thorough exploration of the soil volume and increase 
absorption of water and nutrients. Increased root branching in shallow soils has been predicted to 
increase the potential of the root system as a whole to acquire water and nutrient resources, but to 
decrease the efficiency of resource acquisition (Berntson and Bazzaz, 1996; Pritchard and 
Rogers, 2000).  In this experiment, increased RLD in elevated [CO2] failed to improve plant 
access to soil water. The significance of this finding is compounded by enhanced stomatal 
sensitivity of elevated [CO2]-grown plants to ABA, as these data suggest that in a future, high 
[CO2] atmosphere, soybean plants will shift a greater proportion of root length to shallow, dry 
soils, which may result in increased production of ABA, and stomata of these plants may be 
more sensitive to that ABA signal. These effects together could have important impacts on plant 
water use and regional hydrology in the Midwestern U.S.. 
 
Conclusion 
I tested the hypothesis that elevated [CO2] will ameliorate drought stress in field-grown 
soybean by conserving soil moisture, increasing root length and plant access to soil water, and by 
ameliorating the effects of reduced precipitation on ABA signaling and photosynthetic gas 
exchange. I found that elevated [CO2] rarely resulted in conservation of soil moisture in CP 
treatment during the three years of this experiment, and when this effect was observed in CP 
treatment, it was not observed in RP treatment, when it would have been most beneficial. 
Furthermore, elevated [CO2] did consistently increase RLD, but this effect occurred mainly in 
shallow or intermediate soil depths where soil moisture tended to be low, resulting in no increase 
or sometimes even a decrease in soil water content, weighted for root depth distribution. Despite 
not affecting the strength of the ABA signal in the xylem, elevated [CO2] often increased the 
response of photosynthetic gas exchange to RP treatment. For a given increase in ABA, there 
was a larger decrease in Ci in elevated [CO2] than in ambient [CO2], indicating that RP increased 
stomatal limitation to photosynthesis more in elevated [CO2] than in ambient [CO2]. The 
significance of these unexpected physiological responses to elevated [CO2] and RP are evident in 
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yield data. In 2009, when conditions were relatively non-stressful, elevated [CO2] increased pod 
weight in both CP and RP, but as high temperatures and uneven distribution of rainfall made 
growing conditions more stressful in 2010, elevated [CO2] failed to increase pod weight in RP 
treatment, and in the exceptional drought stress of 2011, EC-RP had lower pod weight than 
control (M. Siebers, unpublished). These data cast serious doubt onto the assumption that the 
agricultural impacts of increased drought frequency and intensity associated with climate change 
may be ameliorated by the concurrent increase in atmospheric [CO2].  
 
Materials and Methods 
Experimental Design 
Soybean was grown at the soybean free air CO2 enrichment (soyFACE) facility in 
Champaign, IL in 2009-2011. At soyFACE, soybean is grown for its entire life cycle in open-air 
conditions at either ambient CO2 (~390 ppm) or elevated [CO2] (585 ppm) using FACE 
fumigation technology (Miglietta et al., 2001). The experimental design of the soyFACE facility 
has been described extensively elsewhere (Rogers et al., 2004; Leakey et al., 2004). Briefly, 
treatment plots measured 20 meters in diameter, were hexagonally-shaped, and were surrounded 
by PVC pipe which was mounted just above the height of the plant canopy. In elevated [CO2] 
plots, CO2 was released from pores in the PVC pipes, and CO2 concentration was measured at 
the center of each plot, allowing frequent adjustment of the rate and timing of CO2 release.  
In 2009-2011, in addition to CO2 treatments, which were applied at the whole-plot level, 
plants were exposed to either control (CP) or reduced (RP) levels of precipitation in a split-plot 
design. In reduced precipitation plots, rainfall was intercepted using modified Solair motorized 
retractable fabric awnings (Glen Raven Inc., Glen Raven, NC, USA), which where mounted on 
lightweight metal scaffolding, as described by Gray et al. (2013). A weather station located at the 
field site relayed a signal to the awnings to deploy when the following conditions were met: 
precipitation was detected, wind speed was less than 10 m s-1, and light levels were below 50 
μmol m-2 s-1. These conditions for awning deployment mainly occurred at night, and allowed 
interception of significant amounts of rainfall with minimal shading. Precipitation that was 
intercepted by awnings was routed through corrugated drain pipes and released at least 20 meters 
away from the treatment plots. Data on awning performance, including growing season 
precipitation in CP and RP treatments, rainfall interception efficiency, and estimates of sunlight 
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intercepted by awnings are included in Table 3.1. In order to put the growing conditions of the 
2009-2011 growing season in a historical context, the average temperature and total precipitation 
for June-September were compared to the record going back to 1901 for Champaign County, IL, 
obtained through the Illinois State Water Survey 
(http://www.isws.illinois.edu/atmos/statecli/cuweather/; Table 3.1; Fig. 3.2).   
 
Measurement of Photosynthetic Gas Exchange  
Photosynthetic gas exchange and chlorophyll fluorescence were measured every two 
weeks (on six dates each during the 2009 and 2010 growing seasons, and five dates during the 
2011 growing season) using open gas-exchange systems with integrated modulated chlorophyll 
fluorometers (LI-6400 and LI-6400-40, Li-Cor Bioscience, Lincoln, NE, USA). On each 
measurement date, four gas exchange systems were used to conduct simultaneous measurements 
in all four experimental replicates, and gas exchange systems were rotated among treatments to 
avoid potential confounding effects associated with individual gas-exchange systems, as 
described by Leakey et al. (2006). Gas exchange and chlorophyll fluorescence measurements 
were made every two hours, from 9 a.m. to 5 p.m. on three randomly selected plants in each plot. 
For each plant, the youngest, most fully expanded leaf was chosen for measurements, and 
measurements were conducted at growth [CO2], ambient air temperature and PPFD. The 
equations of von Caemmerer and Farquhar (1981) were used to calculate photosynthetic carbon 
assimilation rate (A), stomatal conductance (gs), and leaf internal [CO2] (Ci).    
 
Leaf tissue and xylem sap sample collection 
Immediately following the 1:00 p.m. gas exchange measurements on the dates described 
above, leaf tissue was collected from three plants in each plot for measurement of leaf ABA 
content and leaf starch content. In most cases, leaf tissue was collected from the same leaves that 
were used for gas exchange measurements. In cases where there was not sufficient leaf area for 
tissue sampling, samples were also collected form the youngest, most fully expanded leaves of 
neighboring plants. Leaf discs were sealed in aluminum foil, flash-frozen in liquid nitrogen, and 
transferred to a -80°C freezer until analysis.  
 Xylem sap samples were collected in parallel with the 1:00 p.m. gas-exchange 
measurements on each date described above. In each plot, three plants were randomly chosen, 
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the youngest most fully expanded leaf was cut at the petiole and placed in a Scholander pressure 
chamber (Plant Moisture Systems, Santa Barbara, CA, USA), and the chamber was pressurized 
until sap began to appear. To avoid contamination from cut cells at the excision surface, initial 
exudate was blotted off. Approximately 50 μL of xylem sap was collected with a pipette, placed 
in a microcentrifuge tube, flash-frozen in liquid nitrogen, and stored at -80°C until analysis.    
 
Soil H2O%v/v measurement 
Soil volumetric water content was measured using a capacitance probe (Diviner-2000, 
Sentek Sensor Technologies, Stepney, SA, Australia), as described by Gray et al. (2013). PVC 
access tubes were installed at four locations in each plot immediately following planting each 
spring. In each plot, two access tubes were located within soybean rows, and two access tubes 
were located between soybean rows. Measurements were made every 2-7 days at 10-cm depth 
increments, ranging from 5 cm soil depth to 105 cm soil depth in each of the four access tubes in 
each plot. Raw data from the capacitance probe were calibrated against gravimetric data using 
the method of Paltineanu and Starr (1997). 
 
Minirhizotron image collection and analysis 
Following planting in 2009-2011, four minirhizotron tubes were installed in each 
treatment plot using a tractor-mounted giddings probe (Giddings Machine Co., Windsor, CO, 
USA), as described by Gray et al. (2013). Briefly, cellulose acetate butyrate minirhizotron 
observation tubes with a 2-inch internal diameter (Bartz Technology Corp, Carpinteria, CA, 
USA) were installed following planting, before soybean seedlings emerged. In each treatment 
plot, four minirhizotron tubes were installed at 30° from vertical to a soil depth of 90 cm. Two 
tubes in each plot were located within soybean rows, and two tubes in each plot were located 
between soybean rows. Minirhizotron tubes were placed adjacent to soil moisture access tubes, 
and with the same distribution and placement relative to crop rows. In order to exclude light and 
water, minirhizotron tubes were wrapped heavily with tape above the soil surface, and the ends 
were covered using aluminium cans. Images were collected along the upper surface of each tube 
every 2 weeks using a BTC100× minirhizotron video microscope and a BTC I-CAP Image 
Capture System (Bartz Technology Corp). Images were collected at 1.3 cm depth intervals for a 
total of ~80 images per tube per measurement date. For each image, root length and diameter 
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were manually traced using the WinRHIZO Tron MF manual root measurement program 
(Regent Instruments, Quebec, Canada) and data were combined with soil viewing area estimates 
and a standard estimate of depth of view (2 mm; Iversen et al., 2008) to estimate root length 
density (cm root cm-3 soil). Collectively, over 81,000 root images were analyzed from the 2009-
2011 growing seasons.  
 
Measurement of leaf and xylem sap abscisic acid content 
Leaf ABA content was measured using a modification of the radioimmunoassay 
described by Quarrie et al. (1988). This assay utilized a monoclonal antibody which is specific 
for (+)-ABA (AFRC MAC 252, Babraham Institute, Cambridge, UK). A 50 uL extract of each 
sample was added to 100 uL MAC 252 antibody and 100 uL 3H-ABA (DL-cis, trans-[G-3H] 
abscisic acid, GE Healthcare, Piscataway, NJ, USA). As 3H-ABA and endogenous leaf ABA 
competed to bind with the MAC 252 antibody, the amount of 3H-ABA bound by the MAC 252 
antibody was inversely proportional to the amount of endogenous ABA in each sample. A 
scintillation counter (Packard Tri-Carb 1900 Liquid Scintillation Analyzer, PerkinElmer, 
Waltham, MA, USA) was used to determine the amount of 3H-ABA that was bound by the MAC 
252 antibody in each sample. Endogenous leaf ABA concentrations were then calculated by 
comparing radioactivity values from the scintillation counter to a standard curve generated with 
known amounts of non-labeled ABA (Sharp and Davies, 2009). 
 In order to determine ABA content and pH of xylem sap, samples were thawed, 
centrifuged, and xylem pH was measured using a pH microelectrode (PHR-146 pH probe, Lazar 
Research Labs, Los Angeles, CA, USA). ABA was measured as described for leaf tissue 
samples, but rather than preparing an extract, 20 μl undiluted xylem sap samples were used in the 
assay. As described by (Zhang and Davies, 1990) and Ebel et al. (1997), in order to ensure 
minimal contamination with phloem exudate, soluble carbohydrate content was measured in a 
subset of xylem exudate samples (n=40) using a continuous enzymatic substrate assay (Jones et 
al., 1977). Sucrose concentration of xylem exudate was found to be negligible (1.01 mM±1.05; 
data not shown). This was consistent with low level of sucrose previously reported for maize 
xylem sap (<1-10 mM; Zhang and Davies, 1990), and was much lower than published sucrose 
concentrations for phloem exudate, which ranges from 207-900 mM, depending on the species 
(Hayashi and Chino, 1989; Ohshima et al., 1990; Nadwodnik and Lohaus, 2008). This suggests 
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that our xylem sap collection method did not result in significant contamination from phloem 
exudate. 
 
Leaf Starch Analysis 
In order to measure foliar starch content, 1.2 cm-diameter leaf discs were removed from 
the -80°C freezer and extracted in buffered ethanol solution (80% ethanol (v/v), buffered with 2 
mM HEPES, pH 7.8) for five 20-minute incubations at 80°C, as described by Ainsworth et al. 
(2007). Following ethanol extraction, cleared leaf discs were ground using a mini beadbeater 
(Biospec Products, Bartlesville, OK, USA), solubilized in 0.1 M NaOH at 95°C. NaOH solution 
containing homogenized leaf discs was then acidified to pH 4.9, digested overnight with 
amyloglucosidase and α-amylase, and starch content was determined from glucose equivalents, 
as described by Hendriks et al. (2003). 
 
Statistical Analysis 
Photosynthetic gas exchange data were analyzed using mixed-model ANOVA (proc 
mixed; SAS ver. 9.3, SAS Institute, Cary, NC, USA). For each parameter, daily mean values for 
each plot were used in the ANOVA. CO2, precipitation treatment, and sampling date, as well as 
their interactions were considered fixed effects, while block was considered a random effect. Soil 
volumetric water content data for each depth category were analyzed separately using a repeated-
measures analysis of covariance (proc mixed; SAS ver. 9.3, SAS Institute, Cary, NC, USA), 
where saturated soil water content at the beginning of the growing season was used as a 
covariate, as described by Gray et al. (2013). Direct and interactive effects of CO2, precipitation 
treatment, and date were considered fixed effects in the model, and block and block×CO2 were 
included as random effects.  In order to assess the effects of CO2 and precipitation treatments on 
plant access to soil water, I calculated soil volumetric water content, weighted for root depth 
distribution for each plot on each minirhizotron measurement date, with the exception of the first 
measurement date each year, where there were few, if any roots. For this calculation, the 
proportion of root length in each 10-cm depth category was multiplied by the soil H2O %v/v value 
for the corresponding soil depth in the same plot, measured during the same week. These 
weighted soil H2O%v/v values for each plot were then used in a repeated measures ANOVA, 
where CO2, precipitation treatment and measurement date were used as fixed effects, and block 
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was used as a random effect. Leaf ABA, xylem ABA, and xylem pH data were analyzed using 
repeated measures mixed-model analysis of variance, where measurement date was treated as a 
repeated measure, direct and interactive effects of CO2, precipitation treatment and date were 
considered fixed effects, and block and block×CO2 were treated as random effects (proc mixed; 
SAS ver. 9.3, SAS Institute, Cary, NC, USA). All ANOVAs and ANCOVAs were performed on 
subplot means (n = 4). Regression analysis was used to determine the direct effects of soil 
H2O%v/v on leaf and xylem ABA, as well as the direct effects of CO2 treatment on leaf and 
xylem ABA and the interactive effects of CO2 treatment with soil H2O%v/v on leaf and xylem 
ABA. Regression analysis was also used to determine the direct effects of leaf or xylem ABA on 
leaf intercellular CO2 concentration (Ci; μmol mol-1), as well as the direct effects of CO2 
treatment on Ci, and the interactive effects of CO2 treatment with leaf or xylem ABA on Ci. All 
regression analyses were conducted on subplot mean values of ABA, Ci, and soil H2O%v/v using 
SAS (proc reg; SAS ver. 9.3, SAS Institute, Cary, NC, USA). 
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Tables & Figures 
Variable 2009 2010 2011 
Planting date 
Starting soil H2O%v/v at 5-15 cm soil depth 
9 June 
38.7 
27 May 
41.9 
8 June 
33.2 
Harvest date 1 October 23 September 22 October 
Average growing season temperature  20.30°C 23.18°C 20.58°C 
Departure from average June – Sep temperature -1.2°C +0.9°C +0.2°C 
Growing season precipitation in CP treatment 384 mm 442 mm 274 mm 
Departure from average June-Sep precipitation +4 mm +70 mm -142 mm 
Start of RP treatment 30 June 18 June 13 July 
Growing season precipitation in RP treatment 140 mm 260 mm 179 mm 
Reduction in precipitation in RP plots 64% 41% 35% 
Time awnings were deployed 279 hours 109 hours 183 hours 
Estimate of total growing season PPFD 
intercepted in RP plots 
2% 0.05% 2.6% 
  
Table 3.1. Information on planting and harvesting dates, weather, and the effectiveness of the 
reduced precipitation (RP) treatment relative to control precipitation (CP) treatment during the 
2009-2011 growing seasons at soyFACE. Soil H2O%v/v in ambient [CO2] treatment at 5-15 cm 
soil depth before RP treatment began is shown for all three years. Departures from average 
temperature and precipitation data were calculated for June – September, in comparison to the 
long-term (1901-2011) average data for Champaign County, IL obtained from Illinois State 
Water Survey. 
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Soil 
Depth 
Effect 
2009 2010 2011 
F-value P-value F-value P-value F-value P-value 
5 – 15 
cm 
CO2 0.73 0.45 7.99 0.06 0.18 0.71 
H2O 127.31 <0.0001 115.65 <0.0001 15.03 <0.01 
CO2×H2O 0.15 0.70 4.71 <0.05 0.32 0.59 
DOY 62.99 <0.0001 243.15 <0.0001 73.76 <0.0001 
DOY×CO2 0.61 0.96 1.34 0.12 0.99 0.49 
DOY×H2O 15.87 <0.0001 61.39 <0.0001 6.71 <0.0001 
DOY×CO2×H2O 0.57 0.97 0.56 0.97 0.75 0.85 
15 – 25 
cm 
CO2 1.07 0.34 0.38 0.55 0.06 0.80 
H2O 51.14 <0.0001 37.95 <0.0001 2.08 0.17 
CO2×H2O 1.21 0.29 0.14 0.72 0.33 0.58 
DOY 21.71 <0.0001 123.35 <0.0001 37.69 <0.0001 
DOY×CO2 0.42 0.99 0.68 0.89 0.57 0.98 
DOY×H2O 4.58 <0.0001 44.85 <0.0001 3.68 <0.0001 
DOY×CO2×H2O 0.56 0.97 0.48 0.99 0.33 1.00 
25 – 35 
cm 
CO2 1.62 0.22 3.57 <0.10 0.03 0.87 
H2O 33.64 <0.0001 81.96 <0.0001 3.03 0.10 
CO2×H2O 0.52 0.48 5.08 0.04 0.60 0.45 
DOY 18.74 <0.0001 114.63 <0.0001 26.80 <0.0001 
DOY×CO2 0.98 0.50 1.65 0.02 0.44 0.99 
DOY×H2O 3.25 <0.0001 45.02 <0.0001 3.32 <0.0001 
DOY×CO2×H2O 1.02 0.44 1.50 0.05 0.27 1.00 
35 – 45 
cm 
CO2 2.26 0.19 2.45 0.13 0.23 0.64 
H2O 30.76 <0.0001 32.19 <0.0001 0.17 0.69 
CO2×H2O 0.36 0.56 4.04 0.06 0.07 0.80 
DOY 19.97 <0.0001 58.59 <0.0001 22.16 <0.0001 
DOY×CO2 0.87 0.67 1.76 0.01 0.56 0.98 
DOY×H2O 2.65 <0.0001 16.46 <0.0001 2.86 <0.0001 
DOY×CO2×H2O 0.85 0.70 0.74 0.83 0.29 1.00 
45 – 55 
cm 
CO2 2.14 0.16 2.03 0.20 0.34 0.57 
H2O 44.26 <0.0001 21.56 <0.001 0.49 0.50 
CO2×H2O 0.21 0.65 2.37 0.15 0.89 0.37 
DOY 14.47 <0.0001 38.36 <0.0001 24.66 <0.0001 
DOY×CO2 0.51 0.99 1.54 0.04 0.68 0.92 
DOY×H2O 1.99 <0.01 9.37 <0.0001 1.85 0.003 
DOY×CO2×H2O 0.64 0.94 0.55 0.97 0.63 0.95 
55 – 65 
cm 
CO2 0.84 0.37 1.08 0.33 0.94 0.35 
H2O 20.03 <0.001 6.20 0.03 0.73 0.41 
CO2×H2O 0.35 0.56 0.45 0.52 0.63 0.45 
DOY 9.21 <0.0001 24.06 <0.0001 26.36 <0.0001 
DOY×CO2 0.49 1.00 0.87 0.66 0.63 0.95 
DOY×H2O 1.25 0.17 6.06 <0.0001 1.50 0.04 
DOY×CO2×H2O 0.80 0.77 0.55 0.97 0.89 0.66 
 
Table 3.2. ANCOVA for the direct and interactive effects of CO2 treatment (CO2), drought 
treatment (H2O) and day of year (DOY) on soil H2O% at 5-105 cm soil depth in 2009-2011.  
60 
 
Soil 
Depth 
Effect 
2009 2010 2011 
F-value P-value F-value P-value F-value P-value 
65 – 75 
cm 
CO2 0.07 0.80 0.70 0.42 1.42 0.25 
H2O 2.63 0.13 1.22 0.29 1.09 0.32 
CO2×H2O 0.08 0.78 0.03 0.87 0.05 0.83 
DOY 5.26 <0.0001 15.93 <0.0001 21.09 <0.0001 
DOY×CO2 0.38 0.99 0.67 0.91 0.73 0.87 
DOY×H2O 0.78 0.80 3.20 <0.0001 1.34 <0.1 
DOY×CO2×H2O 0.95 0.55 0.70 0.88 0.81 0.78 
75 – 85 
cm 
CO2 0.10 0.76 0.17 0.69 0.61 0.45 
H2O 0.45 0.52 0.21 0.66 0.72 0.41 
CO2×H2O 0.10 0.76 0.03 0.86 0.23 0.64 
DOY 3.28 <0.0001 11.97 <0.0001 19.55 <0.0001 
DOY×CO2 0.55 0.98 0.74 0.83 0.77 0.83 
DOY×H2O 0.77 0.81 2.02 <0.01 1.10 0.33 
DOY×CO2×H2O 0.91 0.61 0.64 0.93 0.46 1.00 
85 – 95 
cm 
CO2 0.02 0.88 0.87 0.37 0.36 0.56 
H2O 0.01 0.94 0.77 0.40 0.88 0.36 
CO2×H2O 0.11 0.75 0.24 0.64 2.52 0.14 
DOY 3.23 <0.0001 10.73 <0.0001 21.07 <0.0001 
DOY×CO2 0.59 0.96 0.84 0.71 0.67 0.93 
DOY×H2O 0.70 0.89 0.87 0.66 0.79 0.81 
DOY×CO2×H2O 0.85 0.70 0.36 0.99 0.67 0.93 
95 – 105 
cm 
CO2 3.65 0.08 0.78 0.44 0.01 0.91 
H2O 0.23 0.64 0.63 0.45 0.25 0.63 
CO2×H2O 2.03 0.17 0.71 0.42 0.75 0.41 
DOY 3.22 <0.0001 10.90 <0.0001 32.34 <0.0001 
DOY×CO2 1.01 0.46 1.22 0.21 0.84 0.73 
DOY×H2O 1.00 0.48 0.70 0.88 0.71 0.90 
DOY×CO2×H2O 0.98 0.50 0.68 0.89 0.52 0.99 
 
Table 3.2 (continued). ANCOVA for the direct and interactive effects of CO2 treatment (CO2), 
drought treatment (H2O) and day of year (DOY) on soil H2O% at 5-105 cm soil depth in 2009-
2011. 
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Soil 
Depth 
Effect 
2009 2010 2011 
F-value P-value F-value P-value F-value P-value 
5 – 15 
cm 
CO2 1.68 0.21 1.08 0.37 0.11 0.74 
H2O 0.81 0.38 1.63 0.23 2.11 0.16 
CO2×H2O 0.75 0.40 0.24 0.64 0.78 0.39 
DOY 12.68 <0.0001 12.38 <0.0001 4.48 <0.01 
DOY×CO2 0.77 0.55 1.83 0.12 0.09 0.99 
DOY×H2O 3.09 0.02 2.70 0.03 1.38 0.25 
DOY×CO2×H2O 0.03 1.00 0.52 0.76 0.97 0.43 
15 – 25 
cm 
CO2 5.96 0.03 2.65 0.12 2.83 0.11 
H2O 0.53 0.48 1.00 0.33 1.29 0.27 
CO2×H2O 0.08 0.78 0.01 0.91 2.56 0.13 
DOY 7.63 <0.0001 13.49 <0.0001 27.22 <0.0001 
DOY×CO2 1.97 0.11 1.05 0.40 1.65 0.18 
DOY×H2O 0.87 0.49 1.33 0.26 1.07 0.38 
DOY×CO2×H2O 1.64 0.18 0.30 0.91 0.86 0.50 
25 – 35 
cm 
CO2 1.07 0.34 2.09 0.20 2.09 0.24 
H2O 0.05 0.82 0.05 0.83 0.03 0.88 
CO2×H2O 1.21 0.30 0.00 0.98 0.03 0.86 
DOY 13.77 <0.0001 36.30 <0.0001 29.87 <0.0001 
DOY×CO2 0.96 0.44 2.00 0.09 0.95 0.44 
DOY×H2O 1.74 0.16 0.25 0.94 0.30 0.87 
DOY×CO2×H2O 1.20 0.32 0.37 0.86 0.09 0.98 
35 – 45 
cm 
CO2 13.53 <0.01 3.01 0.10 7.43 0.02 
H2O 1.98 0.18 6.21 0.03 0.10 0.75 
CO2×H2O 0.93 0.35 0.80 0.39 0.00 0.99 
DOY 17.12 <0.0001 34.97 <0.0001 13.70 <0.0001 
DOY×CO2 2.27 0.08 2.19 0.07 1.51 0.21 
DOY×H2O 0.89 0.48 1.39 0.24 0.12 0.97 
DOY×CO2×H2O 0.79 0.54 0.39 0.85 0.45 0.77 
45 – 55 
cm 
CO2 10.72 <0.01 1.44 0.31 8.83 <0.01 
H2O 4.22 0.06 0.15 0.71 0.09 0.77 
CO2×H2O 0.78 0.40 0.02 0.89 0.06 0.81 
DOY 15.01 <0.0001 19.55 <0.0001 17.91 <0.0001 
DOY×CO2 1.26 0.30 1.69 0.15 2.62 <0.05 
DOY×H2O 0.98 0.41 0.20 0.96 1.39 0.25 
DOY×CO2×H2O 0.53 0.67 0.36 0.87 0.30 0.87 
55 – 65 
cm 
CO2 0.80 0.39 1.60 0.23 4.54 <0.05 
H2O 0.13 0.72 0.02 0.88 0.73 0.41 
CO2×H2O 0.48 0.50 0.53 0.48 1.06 0.32 
DOY 15.80 <0.0001 20.34 <0.0001 10.31 <0.0001 
DOY×CO2 0.61 0.65 1.45 0.22 1.70 0.17 
DOY×H2O 0.23 0.92 0.23 0.95 0.62 0.65 
DOY×CO2×H2O 0.24 0.91 0.64 0.67 0.45 0.77 
 
Table 3.3. ANOVA for the direct and interactive effects of CO2 treatment (CO2), drought 
treatment (H2O) and day of year (DOY) on root length density (RLD) at 5-90 cm soil depth in 
2009-2011.  
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Soil 
Depth 
Effect 
2009 2010 2011 
F-value P-value F-value P-value F-value P-value 
65 – 75 
cm 
CO2 0.01 0.94 0.50 0.49 0.02 0.89 
H2O 0.31 0.59 0.69 0.42 1.28 0.29 
CO2×H2O 1.12 0.32 0.10 0.76 0.07 0.80 
DOY 11.94 <0.0001 13.72 <0.0001 11.70 <0.0001 
DOY×CO2 0.04 1.00 0.59 0.70 0.63 0.64 
DOY×H2O 0.38 0.82 0.17 0.97 0.77 0.55 
DOY×CO2×H2O 1.58 0.20 0.10 0.99 0.06 0.99 
75 – 85 
cm 
CO2 0.08 0.78 0.03 0.87 3.24 0.09 
H2O 0.40 0.54 0.00 0.98 0.49 0.49 
CO2×H2O 1.06 0.33 1.29 0.29 0.01 0.92 
DOY 9.52 <0.0001 8.06 <0.0001 8.97 <0.0001 
DOY×CO2 0.10 0.98 0.51 0.77 0.93 0.45 
DOY×H2O 0.46 0.76 0.08 0.99 0.62 0.65 
DOY×CO2×H2O 1.43 0.23 0.37 0.87 0.37 0.83 
85 – 90 
cm 
CO2 0.30 0.60 0.02 0.89 0.79 0.39 
H2O 0.05 0.83 0.44 0.53 0.87 0.36 
CO2×H2O 0.08 0.78 0.54 0.48 0.00 0.98 
DOY 11.59 <0.0001 5.26 <0.001 6.41 <0.001 
DOY×CO2 0.42 0.79 0.23 0.95 1.89 0.13 
DOY×H2O 0.20 0.94 0.68 0.64 0.17 0.95 
DOY×CO2×H2O 0.41 0.80 0.55 0.74 0.02 1.00 
 
Table 3.3 (continued). ANOVA for the direct and interactive effects of CO2 treatment (CO2), 
drought treatment (H2O) and day of year (DOY) on root length density (RLD) at 5-90 cm soil 
depth in 2009-2011. 
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Variable Effect 
2009 2010 2011 
F-value P-value F-value P-value F-value P-value 
Weighted 
Soil 
H2O%v/v  
CO2 2.44 0.14 6.33 0.03 0.00 0.96 
H2O 16.68 <0.01 26.25 <0.001 0.10 0.76 
CO2×H2O 0.58 0.46 1.28 0.28 0.00 0.98 
DOY 7.18 <0.001 29.17 <0.0001 6.02 <0.01 
DOY×CO2 1.91 0.15 0.15 0.93 5.06 <0.01 
DOY×H2O 2.59 0.07 18.40 <0.0001 3.41 0.03 
DOY×CO2×H2O 0.31 0.82 1.02 0.39 0.35 0.79 
 
Table 3.4. ANOVA table showing the direct and interactive effects of CO2 treatment (CO2), 
drought treatment (H2O), and day of year (DOY) on soil H2O%v/v, weighted by distribution of 
roots in each treatment. Bold type indicate statistically significant treatment effects at P<0.1. 
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Effect Year Stomatal Conductance 
(gs) 
Photosynthetic Carbon 
Assimilation (A) 
Leaf Intercellular CO2 
(Ci) 
Leaf intercellular CO2 
to atmospheric CO2 
ratio (Ci/Ca) 
  F-value P-value F-value P-value F-value P-value F-value P-value 
CO2 2009 439.10 <0.0001 14.76 0.0003 3004.36 <0.0001 162.60 <0.0001 
2010 90.03 <0.0001 71.17 <0.0001 658.62 <0.0001 40.03 <0.001 
2011 64.16 <0.0001 140.72 <0.0001 378.84 <0.0001 5.71 0.02 
H2O 2009 21.12 <0.0001 19.04 <0.0001 25.53 <0.0001 24.77 <0.0001 
2010 28.79 <0.0001 32.39 <0.0001 5.58 0.02 7.30 0.009 
2011 2.74 0.10 32.04 <0.0001 3.50 0.07 3.46 0.07 
CO2×H2O 2009 3.48 0.07 2.14 0.15 16.62 0.0001 11.38 0.001 
2010 0.00 0.96 0.01 0.91 2.50 0.12 1.45 0.23 
2011 0.07 0.79 3.23 0.08 0.03 0.86 0.05 0.82 
DOY 2009 82.18 <0.0001 105.49 <0.0001 23.54 <0.0001 26.03 <0.0001 
2010 159.03 <0.0001 201.72 <0.0001 59.95 <0.0001 80.95 <0.0001 
2011 214.65 <0.0001 673.57 <0.0001 39.30 <0.0001 35.78 <0.0001 
CO2×DOY 2009 4.64 0.001 1.62 0.17 3.63 0.006 1.18 0.33 
2010 3.02 0.02 3.25 0.01 6.66 <0.0001 2.11 0.08 
2011 8.73 <0.0001 9.53 <0.0001 7.36 <0.0001 3.45 0.01 
H2O×DOY 2009 1.85 0.11 0.65 0.66 1.22 0.31 1.18 0.33 
2010 1.43 0.22 2.14 0.07 1.26 0.29 1.30 0.27 
2011 1.20 0.32 3.59 0.01 0.42 0.79 0.45 0.77 
CO2×H2O×DOY 2009 0.67 0.65 0.16 0.98 1.05 0.40 0.93 0.47 
2010 0.17 0.97 0.32 0.90 0.75 0.59 0.56 0.73 
2011 1.33 0.27 4.52 0.0031 0.41 0.80 0.49 0.75 
 
Table 3.5. ANOVA table showing the direct and interactive effects of CO2 treatment (CO2), drought treatment (H2O), and day of year 
(DOY) on stomatal conductance (gs), photosynthetic carbon assimilation (A), leaf intercellular CO2 concentration (Ci), and the ratio of 
leaf intercellular CO2 concentration to atmospheric CO2 concentration (Ci/Ca). Bold type indicates significant treatment effects at 
P<0.1. 
65 
 
 
Figure 3.1. Precipitation (mm) plotted against day of year (DOY) during the 2009, 2010 and 
2011 growing seasons (top, middle and bottom panels, respectively). In each panel, solid grey 
bars represent precipitation in CP treatment, and hatched grey bars represent precipitation in RP 
treatment. 
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Figure 3.2. Long-term record of June-September precipitation in Champaign County, IL. Values 
in white are data from the long-term record for 1901-2008, and control precipitation (CP) 
treatment from 2009-2011. Values in black are reduced precipitation (RP) values for 2009-2011. 
The running 10-year average is represented by a black line. 
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Figure 3.3. Three-dimensional representation of soil volumetric moisture content (H2O%v/v) for 
2009-2011 growing seasons, with control precipitation (CP) on the left and reduced precipitation 
(RP) on the right. In each figure, day of year (DOY) is shown on the y-axis, soil depth (cm) is 
shown on the x-axis, and soil volumetric moisture content (H2O%v/v) in ambient [CO2] is shown 
on the z-axis. The color scale represents the percent change in H2O%v/v in elevated [CO2] 
relative to ambient CO2 treatment, with blue indicating increased soil H2O%v/v in elevated [CO2], 
and tan indicating decreased soil H2O%v/v in elevated [CO2]. 
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Figure 3.4. Root length density (RLD; cm cm-3) for each 10 cm depth category at 5-90 cm soil 
depth throughout the 2009, 2010 and 2011 growing seasons, from left to right. The sequence of 
measurements within each season is shown from top to bottom in each column. Ambient CO2, 
control precipitation (AC-CP) is shown in white circles with dashed lines; ambient CO2, reduced 
precipitation (AC-RP) is shown in white squares with dashed lines; elevated [CO2], control 
precipitation (EC-CP) is shown in grey circles with solid lines; elevated [CO2], reduced 
precipitation (EC-RP) is shown in grey squares with solid lines.  
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Figure 3.5. Soil volumetric water content (soil H2O%v/v), weighted for the proportion of roots in 
each depth category. White circles and dashed lines represent ambient [CO2], control 
precipitation (AC-CP); white squares with dashed lines represent ambient [CO2], reduced 
precipitation (AC-RP); grey circles with solid lines represent elevated [CO2], control 
precipitation (EC-CP); grey squares with solid lines represent elevated [CO2], reduced 
precipitation (EC-RP). Symbols represent lsmeans ± standard error.  
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Figure 3.6. Regression of log-transformed leaf ABA (ng g-1 dry weight, corrected for starch; top 
panel) and log-transformed xylem ABA (nmol ml-1; bottom panel), both plotted against average 
soil H2O%v/v at 5-75 cm depth. Points represent subplot means. Ambient [CO2] data are shown in 
white, with dashed line of best fit, and elevated [CO2] data are shown in grey, with solid line of 
best fit. 
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Figure 3.7. Regression of xylem pH plotted against average soil H2O%v/v at 5-75 cm depth. 
Points represent subplot means. Ambient [CO2] data are shown in white, with dashed line of best 
fit, and elevated [CO2] data are shown in grey, with solid line of best fit. 
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Figure 3.8. Daily average photosynthetic carbon assimilation (A; μmol m-2 s-1; top row), 
stomatal conductance (gs; mol m
-2 s-1; second row); ratio of leaf intercellular to atmospheric 
[CO2] (Ci/Ca; third row), and leaf intercellular [CO2] concentration (Ci; bottom row). Data for 
2009-2011 growing seasons are shown from left to right. Ambient [CO2], control precipitation 
(AC-CP) is shown in white circles with dashed lines; ambient [CO2], reduced precipitation (AC-
RP) is shown in white squares with dashed lines; elevated [CO2], control precipitation (EC-CP) 
is shown in grey circles with solid lines; elevated [CO2], reduced precipitation (EC-RP) is shown 
in grey squares with solid lines. Symbols represent lsmeans ± standard error. The text on each 
panel indicates the % effect of reduced precipitation (RP) treatment in ambient [CO2] and 
elevated [CO2].  
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Figure 3.9. Regression of leaf intercellular [CO2] (Ci, μmol mol-1) measured at midday against 
leaf ABA (ng g-1 dry weight, corrected for starch; left panel) and against xylem ABA (nmol ml-1; 
right panel). Points represent subplot means. Ambient [CO2] data are shown in white, with 
dashed line of best fit, and elevated [CO2] data are shown in grey, with solid line of best fit. 
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Figure 3.10. Regression of intrinsic leaf-level water use efficiency (A/gs; μmol CO2 mol-1 H2O) 
measured at midday against leaf ABA (ng g-1 dry weight, corrected for starch; left panel) and 
against xylem ABA (nmol ml-1; right panel). Points represent subplot means. Ambient [CO2] 
data are shown in white, with dashed line of best fit, and elevated [CO2] data are shown in grey, 
with solid line of best fit. 
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CHAPTER IV: MINIRHIZOTRON IMAGING REVEALS NODULATION OF FIELD-
GROWN SOYBEAN IS ENHANCED BY FREE-AIR CO2 ENRICHMENT ONLY WHEN 
COMBINED WITH DROUGHT STRESS1 
Abstract 
The rate of N2 fixation by a leguminous plant is a product of the activity of individual nodules 
and the number of nodules. Initiation of new nodules and N2 fixation per nodule are highly 
sensitive to environmental conditions. However, the effects of global environmental change on 
nodulation in the field are largely unknown. It is also unclear whether legumes regulate 
nodulation in response to environment solely by varying root production or also by varying 
nodule density per unit root length. This study utilized minirhizotron imaging as a novel in-situ 
method for assessing number, size and distribution of nodules in field-grown soybean exposed to 
elevated [CO2] and reduced precipitation. I found that nodule number was 134-229% greater in 
soybeans grown at elevated [CO2] in combination with reduced precipitation, and this response 
was driven by greater nodule density per unit root length. The benefits of additional nodules 
were likely offset by an unfavorable distribution of nodules in shallow, dry soil in reduced 
precipitation treatment under elevated [CO2] but not ambient [CO2]. In fact, significant decreases 
in seed and leaf nitrogen concentration also occurred only in elevated [CO2] reduced 
precipitation treatment. This study demonstrates the potential of minirhizotron imaging to reveal 
previously uncharacterized changes in nodule production and distribution in response to global 
environmental change. The results obtained using this technique suggest that reduced 
precipitation predicted for the coming century may negate the expected benefits of elevated 
[CO2] to the soybean-rhizobia symbiosis, associated with an unfavorable distribution of root 
nodules relative to soil water resources.     
 
 
 
                                                          
1 This chapter appeared in its entirety in Gray SB, Strellner RS, Puthuval KK, Ng C, Shulman RE, Siebers MH, 
Rogers A, Leakey ADB (2013) Minirhizotron imaging reveals that nodulation of field-grown soybean is enhanced 
by free-air CO2 enrichment only when combined with drought stress. Functional Plant Biology 40: 137-147. This 
article is reprinted with permission of the publisher. The original publication may be downloaded at  
(http://www.publish.csiro.au/nid/102/paper/FP12044.htm) 
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Introduction 
Most of the 20,000 species belonging to the family Leguminosae have the capacity to 
form symbiotic relationships with N2-fixing Rhizobia bacteria. Enhanced availability of plant-
usable N through this symbiosis results in high tissue N content and contributes to the ecological, 
agricultural, and economic importance of legumes. The 40-60 million metric tons of N2 that are 
fixed biologically by agricultural crops every year would cost an estimated $7 to 10 billion 
annually to replace with chemical fertilizer (Peterson and Russelle, 1991; Smil, 1999). 
Consequently, understanding the responses of N2 fixation and legume performance to global 
environmental change is important to prediction of future ecosystem goods and services as well 
as development of adaptation measures. 
The total rate of N2 fixation by a leguminous plant is a product of the capacity for N2 
fixation by individual nodules and the number of root nodules. Since nodule production and 
function are significant carbon sinks, and N availability often limits plant growth, optimizing 
allocation of carbon to N2 fixation is important to plant performance (Caetano-Anollés and 
Gresshoff, 1991; Reid et al., 2011). Nodule initiation, development and function are all known to 
be sensitive to various factors of global environmental change and abiotic stress (Walsh, 1995, 
Zahran et al., 1999). However, this knowledge has only rarely been translated into quantitative 
understanding of the contributions that altered nodule production versus nodule activity make 
towards variation in total N2 fixation (e.g. Serraj et al., 1998). The absence of experiments that 
integrate measures of physiology and structure to understand whole-plant function is particularly 
acute in the field. This reflects the difficulty in assessing nodulation status under field conditions. 
To date, nodulation status in the field has been assessed by destructively harvesting roots from 
soil by coring, trenching or uprooting of plants (Grubinger et al., 1982; Oyun, 2007). In all cases, 
significant effort is required to excavate and separate roots from the soil. In addition, these 
processes are destructive; limiting the extent to which a single experimental plot can be sampled 
over time. This study overcomes these challenges by using minirhizotron imaging to assess 
nodulation responses of soybean to elevated [CO2] and reduced precipitation, which are two 
elements of global environmental change expected to have opposing effects on nodulation and 
legume performance. 
Elevated CO2 generally stimulates total N2 fixation by legumes when other nutrients are 
not limiting (Zanetti et al., 1996; Schortemeyer et al., 2002; van Groenigen et al., 2006). In 
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addition, legumes typically maintain N status in leaf and reproductive tissues at elevated [CO2] 
compared to ambient [CO2] while non-legumes do not, implying that N2 fixation is increased to 
maintain balance between C and N metabolism (Rogers et al., 2006; Ainsworth et al., 2007; 
Taub et al., 2008; Rogers et al., 2009). This can lead to less photosynthetic acclimation, smaller 
reductions in yield quality and greater stimulation of productivity and yield in legumes versus 
non-legumes at elevated [CO2] (Rogers et al., 2009). Numerous pot-based experiments suggest 
that the stimulation of N2 fixation at elevated [CO2] is primarily driven by greater number and/or 
size of nodules and not changes in specific nodule N2 fixation rate (Finn and Brun, 1982; 
Murphy, 1986; Norby, 1987; Schortemeyer et al., 2002; Lee et al., 2003; Prévost et al., 2010; 
Cernusak et al., 2011). However, it is unclear the extent to which legumes achieve greater 
nodulation under elevated [CO2] by varying nodule density per unit root length, distribution of 
nodules on the root system and/or total root length. Furthermore, there are very few, if any, 
published reports of nodulation status for legumes in replicated Free-Air CO2 Enrichment 
(FACE) or Open-Top Chamber (OTC) experiments on plants growing in unrestricted soil. This is 
significant because it is increasingly recognized that plant responses to elevated [CO2] are 
different in controlled environment versus field conditions where interactions between the plant-
microbe-soil complex are not disturbed (Körner, 2006; Ainsworth et al., 2008).  
 Initiation, growth and activity of N2-fixing nodules are more sensitive to water stress than 
carbon assimilation or general metabolism of the host plant, but the magnitude of the reduction 
in N2 fixation depends on the severity of the drought stress as well as the timing of the drought 
stress relative to plant growth and development (Durand et al., 1987; Zahran, 1999). The effects 
of drought on total plant N2 fixation may be attributed to reduced nodule number (Williams and 
De Mallorca, 1984; Sangakkara et al., 1996; Antolín et al., 2010), reduced activity of individual 
nodules (Sprent, 1971), or a combination of both.  
Existing data suggest that elevated atmospheric [CO2] ameliorates drought-induced 
reductions in N2 fixation by increasing exchange of both carbon and N with the nodule at a given 
soil moisture content (Serraj et al., 1998; De Luis et al., 1999). Additionally, reduced 
transpiration of plants growing under elevated [CO2] often leads to conservation of soil moisture, 
and it has been proposed that this may also delay the effects of drought on N2 fixation by 
maintenance of favorable water status in the soil surrounding nodules (reviewed in Rogers et al., 
2009). However, studies investigating the interactive effects of elevated [CO2] and drought have 
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been conducted in controlled environments where plants were not exposed to natural gradients or 
fluctuations in soil moisture resources. Therefore, if nodule distribution were affected by 
elevated [CO2] in a way that altered their ability to fix nitrogen, these laboratory studies would 
have overlooked that complexity in plant response to elevated [CO2]. Growth in soil compared to 
growth in an artificial environment alters the number of root nodules, the distribution of root 
nodules between primary and lateral roots, and the depth distribution of nodules in seedlings of 
various legumes including soybean, cowpea and siratro (Pueppke, 1986), suggesting that field 
experiments are necessary to accurately quantify nodulation responses to environmental change. 
Over 76 million hectares of soybean were harvested in the U.S. in 2010, with a value of 
approximately $39 billion (USDA; www.nass.usda.gov). Production is primarily in the Midwest 
where soybean is grown in rotation with maize to form the dominant land use.  This study used 
the Soybean Free-Air CO2 Enrichment (SoyFACE) facility, which is located at the center of this 
region. The low environmental heterogeneity of the site and inbreeding nature of soybean 
increased the statistical power of this experiment (n=4). The objective of this study was to 
investigate the interactive effects of elevated [CO2] and reduced precipitation on nodulation 
status of field-grown soybean. Specifically, I aimed to test the predictions that: (1) elevated 
[CO2] will stimulate nodule production and nodule size; (2) reduced precipitation will inhibit 
nodule production; and (3) elevated [CO2] will ameliorate the negative effects of reduced 
precipitation on nodule production. 
 
Results 
Palmer Crop Moisture Index and Microclimate  
The Palmer Crop Moisture Index (PCMI) is a dynamic measure of crop moisture demand 
relative to moisture availability in the soil (Palmer, 1968). Negative values indicate when 
demand exceeds supply and the crop experiences drought stress. The 2010 growing season began 
and ended with favorable growing conditions, but the crop experienced a period of drought stress 
from DOY 200 to 245 (Fig. 4.1). Average daily mean temperature in Jun-Aug was 24.6°C—
greater than the long-term average daily mean temperature of 22.9°C from 1889 to the present 
day (Angel, 2010). Precipitation in Jun-Aug was 348 mm, which is slightly above the long-term 
average of 337 mm (Angel, 2010), however this was not evenly distributed, with 212 mm falling 
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in June and only 42 mm falling in August. Drought stress caused by below-average rainfall in 
August was exacerbated by above-average temperatures, causing stressful conditions. 
 
Soil volumetric moisture content (H2O%v/v) 
Soil volumetric moisture content (H2O%v/v) was near field capacity at the beginning of the 
growing season in all treatments (Fig. 4.2). As the growing season progressed, plant water use 
depleted soil H2O%v/v. Within individual drying cycles, soil drying was greatest initially at 
shallow depths and became progressively deeper over time. In the control precipitation (CP) 
treatments rain events led to significant rewetting of the soil. Interception of 41% of growing 
season rainfall meant that rewetting of the soil was substantially reduced and drying cycles were 
extended in duration in the reduced precipitation (RP) treatments.  
The RP treatment caused significant reductions in soil H2O%v/v that were greatest in 
magnitude following two periods of substantial precipitation (DOY 200-220 and 225-250). In 
ambient [CO2], a reduction in soil H2O%v/v was also sustained at depths of 5-75 cm throughout 
the period separating these two wetting periods (Fig. 4.2, Table 4.1). In elevated [CO2], there 
were mild effects of the RP treatment on soil H2O%v/v at shallow depths, and the effects of RP 
treatment became apparent earlier in the growing season (DOY 185) in elevated [CO2] (EC) than 
in ambient [CO2] (AC; Fig. 4.2). In addition, the RP treatment effect on soil H2O%v/v almost 
completely disappeared from DOY 225 to 235 in EC but not AC. These distinct patterns of soil 
H2O%v/v in ambient and elevated [CO2] resulted from equal rates of soil drying in AC-RP and 
EC-RP, but first slower (DOY 175-195) and then faster (DOY 210-250) soil drying in EC-CP 
versus AC-CP (Fig. 4.2, Table 4.1). The demand for water from the crop growing in above-
average temperatures meant that soil H2O%v/v approached the permanent wilt point in multiple 
soil layers of all treatments, but to a greater degree and for long periods of time in AC-RP and 
EC-RP compared to  AC-CP and EC-CP.  
 
Nodule density on roots and in soil and nodule size 
Nodule #soil vol and nodule #root length both increased in the 75 days after planting and peaked at the 
beginning of seed fill (DOY 222). Both nodule #soil vol and nodule #root length then  declined only 
slightly by the time pods were beginning to mature. There was a strong interaction effect of EC 
and RP treatments, in which nodule #soil vol and nodule #root length were 134-221% greater in EC-
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RP than all the other treatments (Fig. 4.3; Table 4.2). Nodule area showed significant seasonal 
variation, increasing from DOY 191 through DOY 222, and then remaining stable through the 
end of the growing season (Tables 4.2, 4.3). CO2 and precipitation treatments, however, did not 
significantly affect nodule area (Tables 4.2, 4.3). 
 In addition to altering the density of nodules on roots and in the soil, EC and RP 
treatments altered the distribution of nodules relative to soil moisture resources. Under EC-RP, 
48% of the total nodules counted were found in dry soil (~20-30% soil H2O %v/v; Fig. 4.4). This 
was a very large fraction of nodules exposed to dry soil compared to that observed under AC-RP 
(7%), AC-CP (14 %) or EC-CP (11 %). Effects of EC-RP treatment on distribution of nodules 
relative to soil moisture resources were associated with greater nodule #soil vol in shallow soil 
depths in EC-RP (Fig. 4.5). Specifically, in EC-RP treatment 45% of nodules were located in 15-
25 cm depth, while only 3% of nodules in AC-RP treatment were located at this soil depth (Fig. 
4.5). 
 
Leaf and Seed Nitrogen Content 
EC treatment significantly decreased leaf nitrogen on a mass basis (mg N g-1 leaf tissue; leaf Nm; 
Fig. 4.6A-B). This was associated with significantly lower specific leaf area (SLA) under EC 
(Fig. 4.6C-D). RP also decreased leaf Nm, but the effect was limited to late in the growing season 
and was not accompanied by significant changes in SLA (Fig. 4.6A). There was a significant 
interaction effect of EC and RP in which seed nitrogen on a mass basis (seed Nm) under EC-RP 
was significantly lower than in all other treatments (CO2×H2O p=0.06; Table 4.4).  
 
Discussion 
This study demonstrated the use of minirhizotron imaging to provide repeated, non-
destructive assessment of the nodulation status of field-grown soybean by characterizing a strong 
interactive effect of elevated [CO2] (EC) and reduced precipitation (RP) on nodule density in the 
soil (nodule #soil vol). Nodules were found at soil depths of up to 55 cm. Nodule density (nodules 
cm-3 soil) estimates generated from minirhizotron images in this experiment were consistent with 
previously published values for field-grown soybean generated from soil cores (Chen et al., 
1992). I also found that nodule density and size estimates generated from minirhizotron images 
varied significantly throughout the season in a manner that was consistent with previously 
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published data. For example, nodule size and nodule density on the root and in the soil increased 
from DOY 191-DOY 222 and then remained stable or decreased slightly thereafter (Fig. 4.2, 
Table 4.3). In our experiment, DOY 222 corresponded with beginning seed stage (stage R5; Fehr 
and Caviness, 1977), corroborating the finding of Weil and Ohlrogge (1975) that the number and 
size of nodules per soybean plant peaked in early pod-filling stage and declined afterwards. 
Effective sampling of soils up to 55 cm depth by traditional, excavation methods would have 
been highly destructive and consequently difficult or impossible to repeat on multiple dates 
through the growing season in relatively small (8 × 4 m) treatment plots with infrastructure that 
restricts access for mechanized excavation equipment. The repeated sampling using a 
minirhizotron camera increased statistical power to detect treatment effects, which is always 
challenging in the heterogeneous soil environment. The potential for the minirhizotron imaging 
approach to be combined with existing techniques that estimate rates of N2 fixation in order to 
advance mechanistic understanding of environmental influences on legume performance in the 
field was emphasized by treatment effects on: (a) the distribution of nodules within the soil 
profile; (b) the local soil conditions experienced by nodules; and (c) the density of nodules per 
unit root length (nodule #root length). Collectively, these findings contradict conclusions drawn 
from controlled environment experiments and indicate the need for further field experimentation 
to determine how nodulation status influences rates of plant N acquisition and C use.  
The finding that nodule #soil volume was 134-229% greater in EC-RP compared to all of the 
other three treatments was contrary to the predicted individual and combined effects of elevated 
[CO2] and RP (e.g. Finn and Brun, 1982; Williams and De Mallorca, 1984; Serraj et al., 1998). 
Controlled environment experiments have repeatedly found direct stimulation of nodulation, 
rather than greater nodule N2 fixation rates, to be the primary driver of greater total N2 fixation 
by elevated [CO2] (Finn and Brun, 1982; Murphy, 1986; Norby, 1987; Cabrerizo et al., 2001; 
Schortemeyer et al., 2002; Lee et al., 2003; Prévost et al., 2010; Cernusak et al., 2011). The 
absence of stimulated nodule #soil vol or nodule size at EC under CP in the field in our experiment 
may be a function of genetic variability in response since there is variation among species in 
whether N2 fixation is stimulated by elevated [CO2] (West et al., 2005). However, several lines 
of evidence suggest that N2 fixation probably was stimulated under EC-CP compared to AC-CP. 
In this study, there was no difference between EC-CP and AC-CP in leaf [N] or seed [N], 
indicating that greater biomass production was matched by greater N assimilation. In addition, 
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previous studies of the same soybean cultivar under CP at SoyFACE discovered that N 
metabolism was stimulated to match enhanced photosynthetic carbon gain under elevated [CO2] 
(Rogers et al., 2006) and changes in δ15N of above-ground tissue were consistent with stimulated 
N2 fixation pathway under elevated [CO2] (Decock et al., 2012). If this is the case, it suggests 
that soil water status plays a previously unrecognized role in determining the relationship 
between nodulation status and N2 fixation under elevated [CO2]. This will need to be confirmed 
by combining further assessment of nodulation status with isotopic methods (Unkovich and Pate, 
2000).  
The lack of any reduction in nodule #soil vol in AC-RP compared to AC-CP may indicate 
that the drought stress resulting from RP was relatively mild since previous studies have 
observed that inhibition of nodule number requires severe drought stress (Sinclair et al., 1988). 
Translating understanding of plant responses to treatments in controlled environment conditions 
into knowledge of key thresholds that constrain plant function under field conditions is a major 
challenge for predicting plant  responses to global environmental change. Therefore, it is 
valuable to discover that inhibition of nodulation must require a greater than 41% reduction in 
growing season precipitation, even in a year where some drought stress already occurred. 
However, the response of nodulation to reduced precipitation will likely depend on the timing of 
the reduction in precipitation, as well as the magnitude. It is also important to note that this site is 
likely to be more resilient to RP than others because of the high water holding capacity of its 
deep soils and substantial precipitation prior to the growing season that is characteristic of this 
region in most years (Hollinger and Isard, 1993). 
While very few studies have tested the response of nodulation of legumes to factorial 
treatments of elevated [CO2] and drought, the observation that nodule #soil vol was stimulated in 
EC-RP under field conditions contradicts previous controlled environment studies (Serraj et al., 
1998; De Luis et al., 1999). In soybean, drought stress imposed by variable watering over a 17 
day period resulted in significantly decreased nodule #soil vol, with a smaller effect observed in 
elevated [CO2] than ambient [CO2] (Serraj and Sinclair, 1998). These treatment effects on nodule 
#soil vol were in turn the primary drivers of changes in total nodule mass per plant and whole-plant 
N2 fixation. In alfalfa, elevated [CO2] had no effect on the inhibition of nodulation by drought 
stress imposed by variable watering over a 30-day period (Aranjuelo et al., 2009). The different 
treatment effects observed in the three studies may be a consequence of the manner in which 
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treatments were applied. While the current study imposed both elevated [CO2] and RP treatments 
from early in plant development throughout the growing season, in the controlled environment 
studies soybean or alfalfa were grown with plentiful water supply at ambient [CO2] for 28-30 
days before elevated [CO2] and drought treatments were imposed (Serraj and Sinclair, 1998, 
Aranjuelo et al., 2009). In this experiment, the interactive effects of EC and RP on nodulation 
began early in the growing season (DOY 191; Fig. 4.3). This is notable because at this time RP 
had caused only marginally significant effects on soil moisture in shallow soils in EC treatment, 
but no effect on soil moisture in AC treatment (Fig. 4.2). The initial nodulation response to these 
conditions then appears to have propagated across the entire growing season despite complex 
spatial and temporal variation in soil H2O%v/v among treatments.   
 While soybean grown under EC-RP had many more nodules than in the other treatments, 
it also had the lowest leaf [N] and seed [N]. This could only occur if there was a decrease in N2 
fixation per nodule under EC-RP. Reduced N2 fixation per nodule under EC-RP needs to be 
tested with direct measurements of N2 fixation rate, but may be explained by an altered 
distribution of nodules relative to soil water resources. Only under EC-RP was a substantial 
fraction of nodules located in shallow, dry soils. Exposure of nodules to dry soil is likely to have 
significant functional consequences because drought stress directly inhibits nodule metabolism 
(Durand et al., 1987) and nodule N2 fixation activity is more sensitive to local soil conditions 
than overall plant water status (Abdelhamid et al., 2011). Further work will be needed to 
determine whether more nodules were made in response to tissue N shortages and this 
compensation mechanism was only partially successful in maintaining N supply, or if the change 
in nodulation was a response to some other element of the EC-RP treatment which led to 
production of extra nodules that subsequently were partly or wholly dysfunctional. An associated 
knowledge gap is whether functionality could be restored to nodules in EC-RP treatment with re-
watering, or whether their location in dry, shallow soils led to irreversible impairment of N2 
fixation. In either case, plants under EC-RP must have allocated more photosynthate into nodule 
production but yet received a reduced return of N for the investment of C.   
In addition to stimulation of total nodule number, EC-RP increased the number of 
nodules per unit root length. The number of nodules on the roots of soybean and other legumes 
are systemically regulated by autoregulation of nodulation (AON), which ensures a balance 
between level of nodulation and other aspects of plant development (Caetano-Anollés and 
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Gresshoff, 1991). Previously it was found that the ratio of nodule dry weight to total plant dry 
weight was the same under ambient [CO2] and elevated [CO2] (Serraj et al., 1998), but our 
finding that EC-RP alters the number of nodules per meter of root demonstrates that soybean can 
alter investment in nodules not only by increasing the overall size of the root system in response 
to elevated [CO2], but also by altering the ratio of nodules to root system size. Changes in nodule 
#root length are known to occur in response to variation in N availability. The stimulation of plant 
biomass by elevated [CO2] compounds through the season, requiring ever greater amounts of N 
in addition to carbon. The reduction in leaf [N] of soybean under EC-RP was not evident until 
late in the growing season. This argues against a mechanism sensing tissue N status as the driver 
for greater nodulation early in the growing season. One alternative possibility would be that the 
inhibition of N mineralization that occurs when soils dry (Larsen et al., 2011; Decock et al., 
2012) provides a direct signal to the root. Previous experiments at soyFACE have demonstrated 
that elevated CO2 treatment did not affect bulk soil N content (1.83±0.07 and 1.83±0.05 g N kg
-1 
soil in ambient and elevated CO2, respectively; Pereira et al., 2011), but it cannot be ruled out 
that interactions between altered soil water availability and elevated [CO2] may have affected 
local soil N dynamics in the rhizosphere and therefore nodulation status in the current 
experiment. In either case, the ability to increase nodule number independently of increases in 
root system size may allow plants to respond to elevated [CO2] and drought with greater 
plasticity than previously recognized. 
 
Conclusions 
 Most previous studies assessing legume nodule number and distribution in response to 
environmental factors have been limited to laboratory experiments in which plants were grown 
in pots. In these restricted soil environments, soil water distribution does not reflect dynamic 
changes in soil water availability and distribution through the soil depth column that occur in 
nature. Few experiments have assessed nodulation responses to environmental treatments in the 
field because whole root system excavation is destructive and time-consuming (Grubinger et al., 
1982; Oyun, 2007). This study demonstrates a novel minirhizotron imaging technique to quantify 
nodulation status of field-grown plants. This method provided an in-situ analysis of the effects of 
elevated [CO2] and RP on the number and distribution of root nodules in soybean. Contrary to 
previous controlled environment studies, elevated [CO2] did not affect nodule number or size in 
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plants exposed to control precipitation, but elevated [CO2] increased nodule number and nodule 
density per unit root length only in plants exposed to reduced precipitation. Surprisingly, EC-RP 
plants also had the lowest leaf N content and the lowest seed N content, despite having the 
greatest number of nodules. This may have been due to a shift in the depth distribution of 
nodules causing inhibition of N2 fixation activity because 48% of the nodules in EC-RP occurred 
in shallow, drier soil layers. 
 
Materials and Methods 
Field Site and Treatments 
This experiment was carried out at the SoyFACE facility in Champaign, Illinois (40°02’N, 
88°14’W; http://soyface.illinois.edu) during the summer of 2010. At SoyFACE, soybean 
(Glycine max (L.) Merr. cv. 93B15, Pioneer Hi-Bred International, Des Moines, IA) was grown 
under fully open-air conditions at either current ambient atmospheric CO2 (~385 ppm) or 
elevated atmospheric CO2 (585 ppm).  Elevated CO2 treatment was achieved through the use of 
Free Air CO2 Enrichment (FACE) technology (Miglietta et al., 2001).  Detailed descriptions of 
fumigation technology, field management practices and micrometeorological monitoring used at 
SoyFACE have been published previously (Leakey et al., 2004; Rogers et al., 2004). Plants were 
grown in experimental plots measuring 20-m in diameter.  Whole plots were exposed to either 
ambient or elevated CO2, and within whole plots, 8 × 4 m sub-plots were exposed to either 
control precipitation or reduced precipitation. This resulted in four treatment combinations: 
ambient CO2 with control precipitation (AC-CP), ambient CO2 with reduced precipitation (AC-
RP), elevated CO2 with control precipitation (EC-CP), and elevated CO2 with reduced 
precipitation (EC-RP). The replication level of our experiment was four. Palmer Crop Moisture 
Index (PCMI) data for control precipitation conditions were obtained from the National Oceanic 
and Atmospheric Administration 
(www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/palmer_drought/index.shtml). 
The reduced precipitation treatment was imposed by intercepting rainfall with modified 
Solair motorized retractable fabric awnings (Glen Raven, Inc., Glen Raven, NC) mounted on 
lightweight metal scaffolding. Rainfall intercepted by awnings ran into gutters and was diverted 
20 m out of treatment plots using corrugated drain pipes. Awnings were automatically controlled 
to intercept rainfall events primarily at night, but also occasionally during daylight hours under 
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very low light (<2.5 % full sunlight). A central weather station and computer relayed a signal to 
the awnings to deploy when rainfall was detected, wind speed was less than 10 m s-1, and 
photosynthetically active radiation (PAR) was less than 50 µmol m-2s-1. This allowed 
interception of significant rainfall, but with minimal effects on solar radiation or CO2 fumigation 
received by the crop.  Overall, the awnings were deployed for 4 % of the total growing season 
(109 hours). During this time, 0.05 % of the total growing season PAR was incident on the crop.  
However, this is likely an overestimate of the shading caused by the canvas awning due to 
diffuse radiation entering the plot from the gaps between the awning and the plant canopy. No 
sampling was performed within a 0.5-m perimeter of the edge of the plot, where the metal 
scaffolding and gutter cast shade. A rubber subsoil barrier was installed around the perimeter of 
the reduced precipitation subplot to 1 m depth, minimizing horizontal inflow of subsurface 
water. Soil volumetric water content was measured throughout the growing season using a 
capacitance probe (Diviner-2000, Sentek Sensor Technologies) at 10-cm increments. 
Measurements were made between depths of 5-105 cm at each of four locations within a subplot. 
Two locations were within crop rows and two locations were between rows. Measurements were 
made every 2-6 days. Raw data from the probe were calibrated against gravimetric data using the 
method of Paltineanu and Starr (1997). 
In 2010, soybeans were planted on 27 May and harvested on 23 September. CO2 
fumigation began on 9 June and rainfall interception in reduced precipitation plots began on 18 
June. Growing season precipitation in control precipitation plots was 442 mm, while reduced 
precipitation plots received 260 mm, corresponding to a 41% reduction in growing season 
rainfall in reduced precipitation plots (Fig. 4.1).  
 
Rhizotron Image Data Collection and Analysis 
 Cellulose acetate butyrate minirhizotron observation tubes with a 2-inch internal diameter 
(Bartz Technology Corp, Carpinteria, CA) were installed within 4 days of planting, prior to 
emergence of soybean seedlings.  A tractor-mounted Giddings probe (Giddings Machine Co., 
Windsor, CO) was used to bore holes and to set minirhizotron tubes.  Four minirhizotron tubes 
were installed in each sub-plot at 30° from vertical to a soil depth of 90 cm, with two tubes 
within each sub-plot located within the soybean rows, and two tubes within each subplot located 
between the soybean rows.  Minirhizotrons were placed in an immediately adjacent portion of 
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each subplot to soil moisture access tubes and with the same distribution and placement relative 
to crop rows. Tubes were wrapped heavily with tape above the soil surface to exclude light, and 
the ends were covered using aluminum cans to exclude light and water.  
Images were collected along the upper face of the tubes every two weeks using a 
BTC100x minirhizotron video microscope and a BTC I-CAP Image Capture System (Bartz 
Technology Corp., Carpinteria, CA).  Images were collected every 1.3 cm for a total of ~80 
images per tube per measurement date.  Images were analyzed using WinRHIZO Tron MF 
manual root measurement program (Regent Instruments Inc., Quebec, Canada).  For each image, 
root length and nodule number was recorded, and nodule height and width were traced. This data 
was used to estimate nodule number per unit root length (nodule #root length) , and combined with a 
standard estimate of depth of view (2 mm, Iversen et al., 2008) to estimate nodule numbers per 
unit soil volume (nodule #soil vol). Nodule height and width were also used to estimate nodule 
cross-sectional area using the equation for area of an ellipse (π × (width/2) × (height/2)). 
Collectively, over 25,500 images were analyzed for nodule number and root length (a 
representative image with a root nodule is shown in Fig. 4.7).  
 
Leaf Nitrogen Analysis 
 Leaflets were collected at midday on six dates, ranging from early vegetative growth 
(pre-N2 fixation) to reproductive growth. Immediately following harvest, leaf samples were dried 
to a constant mass in a 70°C oven.  Leaves were powdered in a mechanical grinder (2000 
Grinder, SPEX CertiPrep, Metuchen, New Jersey), 1.5-2.5 mg aliquots of each sample were 
weighed and placed into tin capsules (AX26 DeltaRange Microbalance, Mettler Toledo, 
Columbus, Ohio).  Leaf N content was determined using a CHNS/O analyzer running in CHN 
mode following manufacturer’s instructions (2400 Series II CHNS/O Analyzer, Perkin Elmer, 
Waltham, Massachusetts). Acetanilide was used as a standard to calibrate the analyzer and to 
confirm instrument accuracy during analysis.  
 
Seed Nitrogen Analysis 
 Whole soybean plants were harvested from each treatment plot on 23 September. Seeds 
were hand-shelled, oven-dried at 70°C, and ground to a fine powder using a Geno/Grinder 2010 
tissue homogenizer (SPEX SamplePrep, Metuchen, NJ). For each treatment plot, three technical 
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replicates were used, each consisting of a 3-mg aliquot of homogenized seed tissue. Aliquots 
were placed into tin capsules and analyzed using a CHNSO analyzer (ECS 4010, Costech 
Instruments, Valencia, CA). 
 
Statistical Analysis 
Nodule density data and N data were analyzed using mixed-model analysis of variance 
(ANOVA; proc mixed; SAS ver. 9.2, SAS Institute, Cary, NC).  Analyses were performed on 
subplot means (n=4).  For nodule density data generated from rhizotron images, data from 5-55 
cm depth were used in this analysis because 95% of the nodules that were found were at 45 cm 
depth or shallower. Significant depth×CO2×H2O×date interactions were not detected, so all data 
in the 5-55 cm soil depth profile were averaged together for a given treatment plot and date 
combination, and this value was used in subsequent statistical analyses. A repeated-measures 
ANOVA was used where date was treated as the repeated measure, CO2 treatment, precipitation 
treatment and sampling date as well as their interactions were included as fixed effects, and 
block as well as block×CO2 were included as random effects.  For soil volumetric water content 
data, each depth was analyzed in a separate repeated-measures ANCOVA where saturated soil 
water content in each plot at the beginning of the growing season was used as the covariate, CO2 
treatment, precipitation treatment and date along with their interactions were included as fixed 
effects, and block as well as block×CO2 were used as random effects. As in previous studies 
(Morgan et al., 2005; Leakey et al., 2006), differences from control were considered significant 
at P<0.1 in order to avoid type II errors. 
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Tables and Figures 
 
Table 4.1. ANCOVA table showing the direct and interactive effects of CO2, precipitation (H2O) 
and day of year (DOY) on soil H2O%v/v for each 10 cm depth increment of soil from 5 to 105 cm 
depth. 
Soil Depth Effect F-value P-value 
5 – 15 cm 
CO2 7.99 0.06 
H2O 115.65 <0.0001 
CO2×H2O 4.71 <0.05 
DOY 243.15 <0.0001 
DOY×CO2 1.34 0.12 
DOY×H2O 61.39 <0.0001 
DOY×CO2×H2O 0.56 0.97 
15 – 25 cm 
CO2 0.38 0.55 
H2O 37.95 <0.0001 
CO2×H2O 0.14 0.72 
DOY 123.35 <0.0001 
DOY×CO2 0.68 0.89 
DOY×H2O 44.85 <0.0001 
DOY×CO2×H2O 0.48 0.99 
25 – 35 cm 
CO2 3.57 <0.10 
H2O 81.96 <0.0001 
CO2×H2O 5.08 0.04 
DOY 114.63 <0.0001 
DOY×CO2 1.65 0.02 
DOY×H2O 45.02 <0.0001 
DOY×CO2×H2O 1.50 0.05 
35 – 45 cm 
CO2 2.45 0.13 
H2O 32.19 <0.0001 
CO2×H2O 4.04 0.06 
DOY 58.59 <0.0001 
DOY×CO2 1.76 0.01 
DOY×H2O 16.46 <0.0001 
DOY×CO2×H2O 0.74 0.83 
45 – 55 cm 
CO2 2.03 0.20 
H2O 21.56 <0.001 
CO2×H2O 2.37 0.15 
DOY 38.36 <0.0001 
DOY×CO2 1.54 0.04 
DOY×H2O 9.37 <0.0001 
DOY×CO2×H2O 0.55 0.97 
95 
 
Table 4.1 (continued). 
Soil Depth Effect F-value P-value 
55 – 65 cm 
CO2 1.08 0.33 
H2O 6.20 0.03 
CO2×H2O 0.45 0.52 
DOY 24.06 <0.0001 
DOY×CO2 0.87 0.66 
DOY×H2O 6.06 <0.0001 
DOY×CO2×H2O 0.55 0.97 
65 – 75 cm 
CO2 0.70 0.42 
H2O 1.22 0.29 
CO2×H2O 0.03 0.87 
DOY 15.93 <0.0001 
DOY×CO2 0.67 0.91 
DOY×H2O 3.20 <0.0001 
DOY×CO2×H2O 0.70 0.88 
75 – 85 cm 
CO2 0.17 0.69 
H2O 0.21 0.66 
CO2×H2O 0.03 0.86 
DOY 11.97 <0.0001 
DOY×CO2 0.74 0.83 
DOY×H2O 2.02 <0.01 
DOY×CO2×H2O 0.64 0.93 
85 – 95 cm 
CO2 0.87 0.37 
H2O 0.77 0.40 
CO2×H2O 0.24 0.64 
DOY 10.73 <0.0001 
DOY×CO2 0.84 0.71 
DOY×H2O 0.87 0.66 
DOY×CO2×H2O 0.36 0.99 
95 – 105 cm 
CO2 0.78 0.44 
H2O 0.63 0.45 
CO2×H2O 0.71 0.42 
DOY 10.90 <0.0001 
DOY×CO2 1.22 0.21 
DOY×H2O 0.70 0.88 
DOY×CO2×H2O 0.68 0.89 
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Table 4.2. ANOVA table showing the direct and interactive effects of CO2, precipitation (H2O) 
and date on nodules cm-3 soil (nodule #soil vol), nodules per meter root (nodule #root length) and 
nodule cross-sectional area (nodule area; mm2). 
 
Effect Nodules cm-3 soil Nodules m-1 root Nodule area 
F-value P-value F-value P-value F-value P-value 
CO2 3.80 <0.10 1.53 0.26 0.98 0.35 
H2O 2.24 0.17 5.51 <0.05 0.91 0.37 
CO2×H2O 4.35 0.07 9.06 0.02 0.78 0.41 
Date 4.99 <0.01 0.75 0.56 15.11 <0.0001 
Date×CO2 0.51 0.73 0.30 0.87 1.05 0.40 
Date×H2O 0.22 0.93 0.65 0.63 0.66 0.62 
Date×CO2×H2O 0.53 0.71 0.79 0.54 0.51 0.73 
 
97 
 
Table 4.3. Estimated nodule cross-sectional area (mm2) of root nodules of soybean grown in 
ambient CO2 control precipitation treatment (AC-CP), ambient CO2 reduced precipitation 
treatment (AC-RP), elevated CO2 control precipitation treatment (EC-CP) and elevated CO2 
reduced precipitation treatment (EC-RP) for each of five measurement dates (shown as day of 
year; DOY). Values shown are lsmeans ± standard errors.  
DOY 
Treatment 
AC-CP AC-RP EC-CP EC-RP 
191 2.4±0.7 1.4±0.7  1.9±0.7  2.4±0.6  
208 2.8±0.6  3.1±0.9 3.0±0.6 3.2±0.6  
222 5.2±0.7  5.7±0.7  4.2±0.6  4.4±0.6  
235 4.7±0.6  4.8±0.7  3.8±0.7  4.6±0.6  
255 4.6±0.7  4.8±0.6  2.9±0.7  4.9±0.6  
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Table 4.4. Seed N on a mass basis (Nm; mg N g
-1 dry seed mass) of soybean grown in ambient 
CO2 control precipitation treatment (AC-CP), ambient CO2 reduced precipitation treatment (AC-
RP), elevated CO2 control precipitation treatment (EC-CP) and elevated CO2 reduced 
precipitation treatment (EC-RP) at final harvest during the 2010 growing season. Values shown 
are lsmeans ± standard errors. Means sharing a common superscript letter do not differ 
significantly. 
Treatment AC-CP AC-RP EC-CP EC-RP 
Seed Nm 60.1±0.6a 59.1±0.6a 60.1±0.6a 56.0±0.6b 
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Figure 4.1. Cumulative precipitation during the 2010 growing season (upper panel) plotted 
against day of year (DOY) for control precipitation treatment (black area) and reduced 
precipitation (grey area) treatments. Palmer Crop Moisture Index (PCMI) for Illinois Climate 
Division 5 during the 2010 growing season (lower panel) plotted against day of year.      
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Figure 4.2. Soil volumetric moisture content (H2O%v/v) for ambient CO2 control precipitation 
(left panel) and elevated CO2 control precipitation treatment (right panel) during the 2010 
growing season. On both panels, the y-axis shows day of year (DOY), the x-axis shows soil 
depth (cm), and the z-axis shows soil volumetric moisture content (H2O%v/v). The color scale 
represents the % change in soil volumetric moisture content in reduced precipitation treatment 
compared to control precipitation treatment, with deeper orange/red color representing a larger 
reduction in soil volumetric moisture content. 
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Figure 4.3. Nodule number per cm3 soil (nodule #soil vol; top panel), and nodule number per meter 
root (nodule #root length; lower panel) plotted against measurement date. For both panels, ambient 
CO2 control precipitation treatment is represented by white bars, ambient CO2 reduced 
precipitation treatment is represented by white, hatched bars, elevated CO2 control precipitation 
treatment is represented by grey bars and elevated CO2 reduced precipitation treatment is 
represented by grey, hatched bars. In both panels, bar height represents lsmeans for 5-55 cm soil 
depth, and error bars represent standard errors. 
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Figure 4.4. Percentage of nodules in a given treatment found in each category of soil volumetric 
moisture content. Nodules found at 22-24 % soil volumetric moisture content are binned into the 
category labeled 23%, nodules found at 24-26 % soil volumetric moisture content are binned into 
the category labeled 25%, and so on. Control precipitation treatments are shown in the top panel, 
and reduced precipitation treatments are shown in the lower panel. Ambient CO2 control 
precipitation treatment is represented by white bars, ambient CO2 reduced precipitation treatment 
is represented by white, hatched bars, elevated CO2 control precipitation treatment is represented 
by grey bars and elevated CO2 reduced precipitation treatment is represented by grey, hatched 
bars.    
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Figure 4.5. Percentage of nodules in a given treatment found in each depth category. Nodules 
found at 5-15 cm depth are binned into the category labeled ‘10 cm’, nodules found at 15-25 cm 
depth are binned into the category labeled ‘20 cm’, and so on. Control precipitation treatments 
are shown in the top panel, and reduced precipitation treatments are shown in the lower panel. 
Ambient CO2 control precipitation treatment is represented by white bars, ambient CO2 reduced 
precipitation treatment is represented by white, hatched bars, elevated CO2 control precipitation 
treatment is represented by grey bars and elevated CO2 reduced precipitation treatment is 
represented by grey, hatched bars.    
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Figure 4.6. Leaf N on a mass basis (panels A-B) and specific leaf area (SLA; panels C-D) for 
each measurement date and the average for the growing season. Ambient CO2 control 
precipitation treatment is represented by white bars (or white circles), ambient CO2 reduced 
precipitation treatment is represented by white, hatched bars (or white squares), elevated CO2 
control precipitation treatment is represented by grey bars (or grey circles) and elevated CO2 
reduced precipitation treatment is represented by grey, hatched bars (or grey squares). Symbols 
and bars represent lsmeans and error bars represent standard errors. 
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Figure 4.7. A minirhizotron image captured on 10 July, 2010 showing a root nodule on the roots 
of a soybean at 20 cm soil depth in EC-RP treatment. The area of soil in the image is 
approximately 16 mm wide × 11 mm tall.  
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CHAPTER V: CONCLUDING REMARKS 
 
 Elevated atmospheric [CO2] predicted for the middle of this century will have important 
impacts on plants that humans depend on for food, fuel and ecosystem services. C3 plants 
respond to elevated [CO2] in two primary ways: with increased photosynthetic carbon 
assimilation (A) and decreased stomatal conductance (gs; Long et al., 2004). Reduced gs is the 
most consistently observed effect of elevated [CO2] on plants, with an average 20% reduction 
reported across several species and functional types grown in free-air CO2 enrichment (FACE; 
Ainsworth and Long, 2005). Although increased leaf area index (LAI; m2 leaf m-2 ground) and 
increased canopy temperature may also result from growth at elevated [CO2], and may 
counteract the effect of reduced gs on whole canopy water use, it has been generally concluded 
that reduced gs will overwhelm other effects of elevated [CO2] on plant water relations to result 
in decreased evapotranspiration, and conservation of soil moisture (Field et al., 1995). 
Conservation of soil moisture in elevated [CO2] and resulting amelioration of drought stress is 
assumed in many models that predict future food supply and ecosystem services (Sellers et al., 
1996; Thornley and Cannell, 1996; Tubiello et al., 2007), but this assumption has been tested 
only a modest number of times in field-grown crop species (e.g. Hunsaker et al., 1994; Hunsaker 
et al., 1996; Wall et al., 2001), and these tests have primarily been performed across a relatively 
narrow and favorable range of environmental conditions. (Leakey et al., 2012) 
I addressed this knowledge gap by leveraging an eight-year record of soil volumetric 
water content (soil H2O%v/v), gs, LAI, and canopy temperature data from the soybean free-air 
CO2 enrichment (soyFACE) facility, where soybean was grown in ambient and elevated [CO2] 
(Chapter 2). I demonstrated that, despite causing consistent reductions in gs, elevated [CO2] 
resulted in significant conservation of soil moisture in only four out of eight years. In the 
remaining four years, increased canopy temperature or stimulations in LAI caused by elevated 
[CO2] outweighed the reductions in gs to result in reduced soil H2O%v/v in elevated [CO2] 
compared to ambient [CO2] (Chapter 2). Precipitation and temperature during canopy 
development (i.e. the period from planting to maximum leaf area index) explained 86% of the 
variation in soil H2O%v/v response to elevated [CO2], with warm and dry years having a more 
negative response to elevated [CO2] and cool years with abundant precipitation having a more 
positive response to elevated [CO2] (Chapter 2). These data suggest that, as global change results 
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in increased average temperature and reduced rainfall, the expected benefits of elevated [CO2] to 
soil water will diminish and may even be reversed.  
The potential for increased canopy temperature and increased LAI to diminish the effects 
of reduced gs on canopy water use and soil moisture has been discussed in the previous literature 
(Field et al., 1995), but to our knowledge, this is the first multi-year study to quantify the 
influence of these factors on soil moisture response to elevated [CO2]. This study provides 
quantitative evidence that increases in canopy temperature and leaf area can partially, fully, or 
more-than compensate for the effects of reduced gs on canopy water use and soil moisture. While 
FACE significantly increased soil moisture in maize (Leakey et al., 2006; Markelz et al., 2011; 
Hussain et al., 2013), there are also examples of FACE not affecting soil moisture in a grassland 
ecosystem (Kamman et al., 2004), a dessert ecosystem (Nowak et al., 2004), and cotton 
(Hunsaker et al., 1994). Furthermore, a careful re-examination of the literature from the 
Maricopa, Arizona FACE experiment suggests a similar pattern to what I observed, where 
elevated [CO2] decreased soil water in drought-stressed sorghum (Conley et al., 2001) and 
drought-stressed wheat (Hunsaker et al., 1996). However, in these experiments soil H2O%v/v was 
averaged over 0-1 meter soil depth, rather than being resolved in multiple layers, which, which 
may have prevented detection of statistically significant differences, or led these researchers to 
attribute treatment differences to experimental artifacts. In summary, the hypothesis that elevated 
[CO2] will increase soil moisture is prevalent in the literature, despite the fact that this effect is 
not observed consistently. Multiple researchers have invoked increases in biomass or LAI to 
explain why significant reductions in gs of elevated [CO2]-grown plants did not scale up to 
reduce whole canopy water use (e.g. Hileman et al., 1994; Kamman et al., 2004; Nowak et al., 
2004), but the current experiment is unique in that it quantifies the impact of elevated [CO2]-
induced stimulations in LAI and canopy temperature on the soil moisture response to FACE 
across multiple growing seasons (Chapter 2). Additionally, conclusions from previous research 
on this topic have dealt with whether gs reduces water use and increases soil H2O%v/v in 
particular ecosystems, however the current study demonstrates that within the same system, 
inter-annual variation in weather and canopy responses to elevated [CO2] can influence the 
magnitude and direction of the soil H2O%v/v response to elevated [CO2].   
 Improving our understanding of how soil water resources will respond to elevated 
atmospheric [CO2] is an important step in predicting how rising atmospheric [CO2] and reduced 
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precipitation will interact to affect the physiology and productivity of plants in the future. It is 
generally assumed that elevated [CO2] will ameliorate drought stress by decreasing gs, and 
thereby conserving soil water, and by increasing root biomass, which is predicted to improve 
access to soil water, delaying or altogether avoiding the onset of drought stress. However, there 
have been few tests of the interactive effects of [CO2] and drought on crop species grown in 
realistic field settings and exposed to FACE (e.g. Hunsaker et al., 1994; Hunsaker et al., 1996; 
Wall et al., 2001).  The soybean Free-Air CO2 Enrichment (soyFACE) facility is an ideal 
experimental setup for testing the effects of elevated [CO2] and reduced precipitation. Plants 
grown in FACE experiments don’t have artificial restrictions on their rooting volume, such as 
plants grown in pots would experience (Ainsworth et al., 2008), which allowed me to conduct 
repeated measurements of root length and depth distribution via minirhizotron imaging as deep 
as 90 cm soil depth, as well as repeated measurements of soil H2O%v/v as deep as 105 cm soil 
depth. This record of belowground responses of soybean to elevated [CO2] and reduced 
precipitation demonstrates that predicted increases in soil H2O%v/v did not always occur in CP 
treatment and never occurred in RP treatment (Chapter 3), confirming the observation that 
conservation of soil H2O%v/v by elevated [CO2] diminished with increasing drought stress across 
a range of naturally-occurring precipitation conditions during an eight-year study at soyFACE 
(Chapter 2). Furthermore, I found that, although elevated [CO2] increased root length density 
(RLD) in all three years of this study, increases in root length tended to occur in shallow, dry 
soils, resulting in no increase and sometimes even a decrease in plant access to soil water in 
elevated relative to ambient [CO2] (Chapter 3). These data suggest that the expected benefits of 
elevated [CO2] to plant water relations do not necessarily hold up in times of severe or prolonged 
drought stress, and are consistent with the conclusions of Morgan et al. (2004), who suggested 
that the lack of stimulation of soil moisture and plant growth by elevated [CO2] in a desert FACE 
experiment, compared to experiments conducted at sites with greater water availability, suggests 
that there is a threshold for water availability that must be surpassed before elevated [CO2] 
conserves soil water or benefits plant water relations. At the Nevada desert FACE facility, this 
threshold was estimated to be 150 – 250 mm precipitation per year (Nowak et al., 2004; Morgan 
et al., 2004). Our results expand the inference space of this conclusion to crop species growing in 
more mesic conditions, and suggest that, as global change causes reductions in growing season 
precipitation in the Midwestern U.S., water availability may be too low to elicit the potential 
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benefits of elevated [CO2] to soil moisture and plant water relations. Conservation of soil 
H2O%v/v by elevated [CO2] has been predicted to have far-reaching effects on the ecosystem to 
global scale, including stimulation of soil respiration (Pendall et al., 2003) and nitrous oxide 
emissions (Djikstra et al., 2012), and increased streamflow and continental runoff (Wigley and 
Jones, 1985; Betts et al., 2007). However, the lack of consistent conservation of soil H2O%v/v by 
elevated [CO2] observed in this study suggests that elevated [CO2] will not always have the 
expected effect on canopy water use, and therefore these downstream effects of increased soil 
H2O%v/v may not occur as widely as previously anticipated. Furthermore, the reductions in soil 
H2O%v/v by elevated [CO2] in two years of this study suggest that within a single ecosystem, 
inter-annual variation in climate and canopy response to elevated [CO2] has the capacity to 
change not only the magnitude of the response of canopy water use to elevated [CO2], but also 
the direction. The prediction that elevated [CO2] will ameliorate drought stress depends on the 
proposed conservation of soil moisture by elevated [CO2]. Because conservation of soil H2O%v/v 
was not observed when elevated [CO2] was combined with reduced precipitation in this 
experiment, it follows that elevated [CO2] did not ameliorate the response of photosynthetic gas 
exchange to reduced precipitation. Instead, elevated [CO2] plants showed an equivalent or larger 
reduction in photosynthetic gas exchange in response to reduced precipitation, compared to 
ambient [CO2]-grown plants (Chapter 3). Similarly, at the Maricopa, Arizona FACE site, 
reduced irrigation caused equivalent or slightly greater reductions in gs of cotton grown in 
elevated [CO2] compared to ambient [CO2], but there were no significant interactive effects of 
the two treatments (Hileman et al., 1994). Larger responses of photosynthetic gas exchange to 
reduced precipitation that were observed in elevated [CO2] compared to ambient [CO2] at 
soyFACE in 2009 and 2010 would suggest that elevated [CO2] enhanced ABA signaling in 
response to reduced precipitation (Chapter 3). Elevated [CO2] did not affect xylem ABA 
concentration, but sensitivity of Ci to leaf and xylem ABA was significantly greater at elevated 
[CO2] compared to ambient [CO2], indicating greater stomatal limitation of photosynthesis. In 
the previous literature, there was controversy regarding whether [CO2] and ABA had significant 
interactive effects on stomata, with results from the same species (Xanthium strumarium) 
suggesting that elevated [CO2] enhanced stomatal response to ABA (Raschke et al., 1975), and 
that stomatal response to ABA was independent of [CO2] (Mansfield 1976). However, past 
studies were conducted by injecting ABA into the petiole, or feeding ABA through a cut petiole. 
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In Chapter 3, I demonstrated that, across a range of naturally-occurring leaf and xylem ABA 
concentrations, soybean grown in elevated [CO2] in the field responded to increasing ABA with 
greater stomatal sensitivity than soybean grown in ambient [CO2]. Enhanced stomatal sensitivity 
to ABA in elevated [CO2] appears to have contributed to significant treatment effects on yield, as 
M. Siebers (unpublished) found that elevated [CO2] ameliorated the negative effects of RP on 
pod mass in mild drought stress, but this effect diminished as drought stress increased. The 
enhanced response of elevated [CO2]-grown plants to ABA has significant implications for 
soybean carbon and water status in a future, drier climate, as these data suggest that stomatal 
response to drought stress signaling may be more severe in elevated [CO2] than in today’s 
atmospheric [CO2]. Enhanced stomatal sensitivity to drought stress signaling in elevated [CO2] 
has the potential to significantly alter crop production in the future, particularly if this response 
occurs in other cultivars and across the Midwest. This dataset challenges the paradigm that 
elevated [CO2] will ameliorate drought stress, and the response of soybean to elevated [CO2] and 
reduced precipitation observed here should inform future modeling efforts in order to more 
accurately predict how multiple factors of global change will interact to affect crop production in 
the future. Further research should investigate variation in this response among cultivars and 
among different soil types or depths, where changes in root depth distribution may alter drought 
stress sensing and signaling.     
I used a novel minirhizotron technique to discover that elevated [CO2] and reduced 
precipitation had significant interactive effects on the number of soybean root nodules, and on 
their distribution relative to soil water resources (Chapter 4). I also found evidence that this 
altered distribution of root nodules was associated with significant changes in nitrogen status of 
the leaf and seed (Chapter 4). Nitrogen fixation by rhizobia, the symbiotic bacteria associated 
with legume roots, is extremely sensitive to water stress, as initiation, growth and activity of 
nodules are more sensitive to water stress compared to carbon assimilation or general 
metabolism of the host plant (Durand et al., 1987). Previous data from experiments conducted on 
potted plants grown in glasshouses suggested that elevated [CO2] would ameliorate the effects of 
drought on the soybean-rhizobia symbiosis directly, by increasing the exchange of carbon and 
nitrogen (Serraj et al., 1998; De Luis et al., 1999), and indirectly, by maintaining greater water 
content in the soil surrounding root nodules (Rogers et al., 2009). However, my results indicated 
that the predicted benefits of elevated [CO2] on the response to drought of nodule number and 
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function did not occur when plants were grown in the field. Elevated [CO2] in combination with 
reduced precipitation did result in increased nodule number, as I predicted based on the previous 
literature, however this treatment had the lowest leaf and seed nitrogen content, indicating that 
the additional nodules had reduced nitrogen fixation activity. This was surprising because 
previous evidence from free-air CO2 enrichment of soybean grown in control precipitation 
suggested enhanced nitrogen fixation rates that kept pace with increased carbon assimilation 
(Rogers et al., 2009).  However, this experiment was the first to assess nodulation status of a 
legume grown in free-air CO2 enrichment in combination with reduced precipitation, and I found 
evidence that elevated [CO2] altered the distribution of nodules with respect to soil depth and soil 
water resources, resulting in an increase of nodules in shallow, dry soils, which presumably 
decreased their nitrogen fixation capacity. This effect could not have been appreciated in 
previous studies where plants were grown in pots and uncoupled from the natural gradient of soil 
water across soil depths. This study used a novel minirhizotron method to assess nodulation 
status of plants in the field, allowing us to detect previously unknown interactive effects of 
elevated [CO2] and reduced precipitation on nodule number and distribution, which likely 
contributed to significant changes in whole plant nitrogen status. However, future research 
should verify the impacts of changes in nodulation status with direct measurement of N2 fixation 
rates of nodules harvested from field-grown plants exposed to ambient and elevated [CO2].  
 The research described in this dissertation addressed knowledge gaps in the response of 
the C3 crop soybean growing in the field to the combined effects of elevated [CO2] and reduced 
precipitation. I demonstrated that these elements of global change affected root and soil 
parameters in ways that could not have been predicted from experiments with potted plants 
grown in controlled environments, and that these alterations in soil water, root morphology and 
nodulation status had significant ramifications for whole plant water status and physiology. 
Specifically, this research resulted in the novel findings that (1) elevated [CO2] does not always 
conserve soil H2O%v/v in field-grown soybean and sometimes decreases soil H2O%v/v due to 
stressful growth conditions or indirect effects of elevated [CO2] on plant water use via increased 
canopy temperature and increased LAI; (2) while elevated [CO2] does increase soybean root 
length, this increase tends to occur in shallow or intermediate soil depths, and does not result in 
increased plant access to soil water; (3) although elevated [CO2] had no effect on xylem ABA 
content, photosynthetic gas exchange responded more sensitively to a given ABA signal in 
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elevated [CO2] compared to ambient [CO2], resulting in equivalent or sometimes more severe 
effects of reduced precipitation on  gas exchange in elevated [CO2]; (4) elevated [CO2] and 
reduced precipitation in combination increased the number and density of root nodules housing 
N2-fixing bacteria, but these nodules were located in shallow, dry soil layers, presumably 
resulting in decreased nitrogenase activity rate, as plants in elevated [CO2], reduced precipitation 
treatment had the lowest seed and leaf nitrogen content of any treatment. These findings 
demonstrate the importance of root and soil responses to global change in determining whole 
plant responses. Furthermore, these data suggest that model predictions of the effects of global 
change on food production and ecosystem function in the Midwest U.S. in the future may be 
overly optimistic, as many of these models assume conservation of soil water and some degree of 
amelioration of drought stress by elevated [CO2]: an assumption that was challenged in multiple 
ways by these data.  
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